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Summary
Summary
A method free from methodological artefacts is essential for determining the thermal inactivation 
kinetics of microorganisms. In this work, the stirred flask method was adopted to examine the 
thermal inactivation kinetics of exponential and stationary-phase S.Typhimurium cells at three 
different temperatures: 55°C, 57°C, 60°C, using aerobic and anaerobic enumeration methods. 
Survivor curves obtained in this way showed that stationary-phase cells were more heat resistant
than exponential-phase cells, while the use of anaerobic enumeration methods did not enhance
cell recovery.
EqxmoüKÜjdmæ cdk  weœ âgmGomÜy imoœ haü leüaæ ü #  5 5 ^  vdœn k a ü d  m a 
stationary-phase cell culture (ca. 10  ^ cfii/ml) previously inactivated for 40-min at the 
mn^sÜBümn ümgemtiwe. EbpmxmÜd c ^  cuümes leak d  6 r  Üe sæne ;ænod bdm ? 
iTsuiocxilatMDiiTwnere ruot protective. TThe ]prot(5ctK)n aLGRardal tgr 1Üie statioiiary t^yhaKx; cuttiux; v/as a 
c()mbirK;d edïèet of hig i^ cedl density (oi/er !()? cfiVrrd) and fieriod of hwsat-tneatnoerü (iio longer 
iÜian4W)-min) lotvonry? the recLox fxitenüal oftheiixxiiunL TTie shift iiinaicrx ]pcrk3nt%UTv;%;sJio\vii 
to tx;(;oiTe!laited widi the cUsKxilveclioagfgexi coriceiitnitkrn chirûnglieat-treatirKait so that fMnotecticm 
lof eaqponertial-idiase (x:Us aygainst theinud cksath cxyuld t)e the resnk crf pHnotecticm lagahist 
oxidative damage during heat inactivation. The addition of other oxidants and reductants showed 
that the measured heat resistance of exponential Salmonella cells was independent of the oxygen 
C()nc(3ntratioii arwi \vas «aolely clependient cm the inedox fxotentiaüL TThe inssuits flutlier slxywed that 
pre-reduction of heating media could increase the thermal resistance of exponential cells of 
Salmonella even if not coupled with anaerobic recovery conditions.
lïie instantaneous piotectâon iifGorded try thie heated !üzüü()]oau]f-]phK%%e ^wz/arofze/Aa cxikures TA%us 
rK)t a residt cdTa(%)rni%)rK;nt prexænt in the cmknre atdeto irûtiate ackiptivei^erKïisxFHnsssiorL Uswiy? 
a real time auKKiy for flmctiorüdltpMoS liiat reUkxl oii IbioluirdrKxacerwce as are]poite%\ kiAKis shcrwm 
that FlpoS ]baKl ru) ixxk; in niechating; the pmytective effect i/hi tiw; statforwiry-plüise i&daqpth/e 
response. The time required for RpoS induction in 5'.Typhimurium (pSB367) at 37”C in a 
]pre\iously heateii for '10-min at 55°<2 statiorKwry-pfuase culture of the ixirertal stnaui lanas 
rneaKRiredinlMours and ccuiki thuKi, ncrtloe usexi ho eoqokihi die instartaKieor%s]prote%dd\x:]3no;x3rdes 
of the heated cultures. Lowering the redox potential of the medium by addition of exogenous 
reductants could bring the time of RpoS induction signidcantly f)rward. Even then however, the 
RpoS-induction times measured were not consistent with the instantaneous protection.
Monitoring the growth and RpoS-induction times in 6".Typhimurium (pSB367) in mixed cultures 
with other Gram-negative competitors, it was shown that in the spent medium of stationary- 
phase cultures of and the other Gram-negative organisms tested (Zco/f,
and an extracellular con^onent(s) did exist however, able to produce early RpoS
induction in ^Typhimurium (pSB367) in pure culture. Those components were redox sensitive. 
Oxidation permanently and irreversibly inactivated the extracts from the 
Oxidation fallowed by reduction could restore the growth inhibitory and RpoS-
induction abilities of the P.aeruginosa extract. It was shown that in mixed cultures with other 
Gram-negative organisms, an increase in the redox potential early during growth could allow 
to reach high cell densities and inhibit RpoS induction.
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1.0 Salmonella: Isolation and Identification
1.1 The Organism: General Characteristics
is a member o f the Enterobacteriaceae family. They are Gram-negative, oxidase 
negative, catalase positive, non-sporulating rods that are generally motile with peritrichous 
flagella. They are capable o f both respiratory and fermentative carbohydrate metabolism (Vamam 
& Evans, 1991; Adams & Moss, 1995). Being mesophilic, their optimum growth temperature is 
around 35 to 37°C while low ten^)erature growth, below 7°C, has been reported as serotype and 
strain-dependent (Matches & Liston, 1968). They have pH optima between 4-8 and grow well in 
environments with a water activity above 0.93.
Salmonellae are zoonotic organisms, widespread in the environment and the guts of warm-blooded 
animals, reptiles, amphibians and arthropods (Baird-Parker, 1990; El-Gazzar & Marth, 1992). In 
carrier animals, they are excreted into the environment in high numbers through faeces. 
Salmonellae will not grow outside the intestinal tract but depending on the conditions, mainly 
temperature and water availability, they can survive for prolonged periods of time thus, increasing 
the chances o f being ingested by a suitable host (Vamam & Evans, 1991). Dispersal o f sewage and 
slurry into water and soil enhances the cycling of salmonellae between the environment and their 
hr)sks(I?y^ure 1.1).
Transmission of food poisoning salmonellae to humans can occur through the consumption of 
contaminated water. However, o f major concern is the incidence of Wmong/Zn in&ction through 
contaminated fbodstuffr given that is able to multiply to dangerous levels in foods of
high water activity and neutral pH stored at inappropriate temperatures. Products associated with 
human salmonellosis involve: milk and dairy products, meat and meat products, poultry and eggs, 
shellfish, raw vegetables and chocolate (Doyle & Mazzotta, 2000).
1
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Figure 1.1 reservoirs in the environment and wildli6 and their transmission to
domesticated animal and man (reproduced from Baird-Parker, 1990).
Salmonella infection has major social and economic consequences emphasizing the benefit of 
preventive measures (Sockett, 1991). Although the application o f the Hazard Analysis Critical 
Control Point (HACCP) system has helped in the control of salmonellosis at all levels of the 
transmission chain, the use of sensitive analytical methods combined with statistically significant
sampling is still considered valuable (Blackburn, 1993).
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1.2 Methods for the Detection of Salmonella from Foods
In foods, salmonellas are generally present in low numbers being outnumbered by other bacteria. 
Some of the cells may also be stressed or injured by processing or environmental conditions. To 
determine the presence of low levels of salmonellas in foods, numerous methods have been 
developed that involve a series of sequential cultural steps. These 611 into two categories: the 
conventional cultural methods (CCM) and a multitude of rapid methods (Vamam & Evans, 1991). 
The development o f rapid methods has arisen due to the time and labour required to screen food 
samples for Salmonella using CCMs. To be acceptable, rapid methods should be simple, reliable, 
labour saving, low in cost, have a similar or greater sensitivity to the CCMs and a specificity that 
minimizes false positive results (Blackburn, 1993).
1.2.1 The Conventional Cultural Method (CCM)
Five basic steps are common to most culture methods for detecting, isolating and identifying 
Salmonella in foods (Figure 1.2): 1) pre-enrichment in a nutritious non-selective medium, 2) 
subsequent enrichment in a selective broth to suppress the growth of the competing microflora and 
allow prolifération, 3) isolation o f pure cultures by streaking onto a
selective agar, 4) biochemical characterization and presumptive identification of isolates suspected 
of belonging to the genus Salmonella and 5) serological confirmation of the biochemically 
screened isolates (Vamam & Evans, 1991).
Lactose broth and bufkred peptone water are most widely used in the initial resuscitation, pre­
enrichment step. One o f the primary functions o f pre-enrichment is to rehydrate and repair cells 
that have been dehydrated or damaged through fi)od processing. Once repair has been completed, 
pre-enrichment may also serve as a source of nutrients fi)r the prolifrration of the rejuvenated cells
(Vamam & Evans, 1991).
Chapter 1 Salmonella: Isolation and Identification
Sample
+
Pre-enrichment medium (Buffered Peptone Water) 
(incubate for 18 h at 37°C)
Selective enrichment
0.1 ml of 
culture
10 ml of 
culture
Rappaport-Vassiliadis 
(incubate at 42'C for 1S-24h and 46 h)
Selenite-cystine broth 
(incubate at 37"C for 18-24h and 48 h)
Brilliant Green 
Modified agar
Plating-out 
on selective media 
(incubation at 
37 'C for24h) ^  2nd medium 
e.g. XLD or 
Bismuth Sulphite agar
Appearence of characteristic colonies
Streak on to Nutrient agar 
(incubate at 37'C for 24 h)
y
Biochemical confirmation 
(e.g.API20E, Vitek)
*
Serological confirmation 
?
Salmonella present Yes/No?
Figure 1.2 Traditional cultural protocol for the isolation of Salmonella from foods (adapted from 
Adams & Moss, 1995).
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Lactose broth may be unsuitable as a pre-enrichment medium when applied to samples that contain 
a high population o f lactose fermenting organisms since acid production may reduce the pH o f the 
medium to levels that are inhibitory 6 r  the growth of damaged Following the revival
of injured cells, elective growth is enhanced through selective enrichment designed to inhibit the 
background microfiora. A variety o f inhibitors are in use of which bile, tetrathionate, sodium 
selenite and either brilliant green or malachite green dyes are the most widely used. Selenite 
cysteine broth (SC) (at 37°C) and Rappaport-Vassiliadis (RV) broth (at 42°C) containing malachite 
green, are most widely used &)r isolation. Following a suitable incubation period, the
presence or absence of Salmonella is initially confirmed via streak plating of both broths onto two 
selective agar media and further confirmed by streaking the colonies, if present, onto non-selective 
media. From there, suspect colonies will be further tested biochemically and serologically. 
Negative results are obtained in 4 days while the confirmation of potentially positive results 
usually require 6 to 7 days (Vamam & Evans, 1991 ; Adams & Moss, 1995).
1.2.2 Rapid Methods for the Detection of Salmonella
The rapid detection of pathogens in foods is critical for ensuring safety. The traditional culture 
methods, previously described, suflfer fi-om being extremely time-consuming. Recent advances in 
technology however, make detection and isolation faster, more convenient and in theory more 
sensitive and specific than conventional methods. These methods are referred to as ‘rapid methods’ 
and involve a vast array of tests such as the miniaturized biochemical kits, antibody-based tests 
and assays that are basically modifications o f the conventional tests. With only a 6w  exceptions, 
all these assays require some growth in the enrichment medium before analysis (Mattingly et ah, 
1985; Swaminathan et a l, 1985; Ibrahim, 1986; Dziezak, 1987).
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Most miniaturized biochemical kits consist of disposable units containing various substrates that 
have been specifically designed to identify a bacterial group or species. Most of them require an 
incubation of between 18 to 24h before results can be read and can generally show a 90-99% 
accuracy compared to conventional methods. Automation of the miniaturized biochemical kits 
involves bacterial identification based on compositional or metabolic properties, such as fatty acid 
profiles and carbon oxidation profiles (Dziezak, 1987; Manafi et a l, 1991; Rossen et a l, 1992; 
Stager gr a/., 1992).
Commercially available impedance detection methods involve the Bactometer (bioMerieux UK 
Ltd, Basingstoke), the Malthus (Radiometer, Crawley) and the RABIT (Don Whitley Scientific 
Ltd, Shipley) systems. In these systems, as the pathogens grow in an appropriate selective medium, 
the electrical properties of the medium change creating a signal (Blackburn, 1993).
The use of immunomagnetic separation (IMS) has been used in the isolation of salmonellas from 
mixed cultures. This method relies on the binding of pathogen specific antigens to antibodies 
bound on magnetic particles. Particles collected from the resuscitation broths are then washed and 
plated directly onto a selective agar (Parmar et al., 1992; Blackburn, 1993).
The enzyme-linked immunosorbent assay (ELISA) is the most prevalent antibody assay used for 
pathogen detection in foods. The presence of a pathogen is revealed through an indicator colour- 
change characteristic of a redox reaction when the pathogen antigens bind to complementary 
antibodies. The Vitek Immuno-Diagnostic Assay System (VIDAS) is an example of an automated 
ELISA system. In this system, the only manual pipetting involves the addition of the sample to the 
reagent well in the test strip while the actual assay time has been reduced to 45 minutes compared 
with 3 or 4 hours required for conventional ELISA systems (Blackburn, 1994).
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Based on the standard conventional methodology, the S.P.R.I.N.T method developed by OXOID is 
shown to give more rapid recovery and isolation o f (Figure 1.3). In this method, pre­
enrichment, based on Bufkred Peptone Water, and selective enrichment, based on Rappaport 
Vasilliadis, are per&rmed in a single incubation using a timed-release system, which delivers the 
selective agent at a defined optimum time. Selective agents contained within 6  insoluble capsules, 
swell and disengage at a defined time following wetting and with the aid of gentle stirring the 
medium becomes fully selective allowing the preferential Salmonella growth. After 24h incubation 
at 42°C, growth of Salmonella is sufficient for detection using traditional plating methods or even 
alternative rapid systems. The development of the S.P.R.I.N.T Salmonella recovery supplement 
containing the Oxyrase enzyme system added at the beginning of the incubation, was shown to be 
an effective oxygen-reducing system that helps overcome oxidative stress and thus, facilitates the 
recovery of injured salmonellas within the first hours of the enrichment incubation period (OXOID 
Limited, 1999).
Rapid methods are simple to use and time-saving and can be used in quality control when large 
numbers of samples are needed to be screened for the presence of a particular pathogen. However, 
in food analysis rapid methods are still characterized by a lack of sensitivity and specificity for 
direct testing and therefore, an enrichment step is generally required before analysis.
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1.3 Thermal Inactivation Kinetics
1.3.1 Theory of Thermal Inactivation Kinetics
The various heat-treatments used in the food industry are considered to be generally effective in 
destroying foodbome vegetative organisms. The thermal processes employed have been based on 
experimental data obtained following the destruction of bacteria in foods and laboratory media. 
Heat, in the pasteurization temperature range, has proved an important tool h)r the production of a 
wide range o f foods free &om potentially harmful pathogens, due to its relatively non-deleterious 
efkcts on foods products and its ease o f application (Gould, 1989). Even though heat has been 
widely employed in 6)od pasteurization and sterilization processes, questions on the actual thermal 
inactivation kinetics and the mechanisms behind bacterial death following heat-treatment have yet 
to be answered.
The death of vegetative micro-organisms or spores as a result o f heat, ionizing radiation or a 
chemical disin6ctant is generally described by the mathematical relationship between the number 
o f cells inactivated and the time elapsed, in such a way that the decrease in a viable population of a 
single strain is exponential with time (Vas & Proszt, 1957). Such a mathematical relationship can 
be presented by the following equation:
N=Noe-'^ (1.1)
Where, No is the initial number of population 
N is the number of survivors 
K is a death constant and t is the time o f heating.
Converting this to logarithms to the base 10, equation 1.1 is often represented as Allows:
Logio (N /N o) = -kt (1.2)
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The change in viable cell numbers is proportional to time and a plot of the log of the surviving 
population, at a given tenq)erature, against time Avill result in a straight line o f negative slope, k. 
Plots o f log survivors against time, at a given temperature, are used to quanti^ the heat sensitivity 
of micro-organisms through the determination of the decimal reduction time or D-value. The D- 
value is dehned as f/ze rz/Mg zzz a gzvg/z ybr f/zg .yz/rvzvzzzg /?ppzzWzo/z ro 6g rg^ /zzgg^ / 7
log cycle, i.e. 90% (Adams & Moss, 1995). In a plot of log survivors against time, D-value can be 
obtained by calculating the reciprocal of the slope, 1/k (Figure 1.4a) or by using the following 
equation:
D = (t2-ti) / (logNi-logNz) (1.3)
Where Ni and N] are the numbers of survivors at times ti and t] respectively.
Log Survivors Log D-value
D-value
Time of heating (min)
(a)
z-value
Temperature of heating 
(b)
Figure 1.4 Classical heat inactivation kinetics showing (a) variation in survivor level with time at 
constant temperature and derivation of D-values, and (b) variation of D-value with change in 
temperature and derivation of z-value. (Adapted from Gould, 1989)
10
Chapter 1 Thermal Inactivation Kinetics
An increase in temperature results in a decrease in the D-value, leading to designation o f the z- 
value as: f/zg rgzzzpgrarwrg g/za»gg w/zzg/z rg.yMfr:y zzz a rgz^/(7 (7 Zog) g/zazzgg zzz D, so that by plotting 
log D against temperature a straight line is obtained (Figure 1.4b). z-value can be obtained by 
calculating the reciprocal of the slope of the straight line or by using equation 1.4 below:
Z = (T2-T1) / (logDi- logDz) (1.4)
Where Di and D% are the D-values measured at temperatures Ti and T2 respectively.
All the calculations referring to the thermal processes have been based on the assumption that 
microbial death follows the log-linear kinetics explained by laws governing simple chemical 
reactions. The thermodynamic, or mechanistic approach developed to support the log: linear 
relationship is based on the fact that at any instant, within any system at any temperature above 
absolute zero, there is a distribution of energy among the molecules present (Gould, 1989). 
According to the thermodynamic theory, the target molecule within a micro-organism that is 
essential for cell viability, can be inactivated when the energy of the reactant molecule exceeds the 
activation energy (Gould, 1989). This means that when the temperature is kept constant at a 
particular level, all the target molecules within a population of micro-organisms will have the same 
chance of being inactivated per unit time.
Assumptions used in support of the thermodynamic approach involve: the presence of energy 
distribution among water or other molecules surrounding the target molecules in the bacterial cells, 
the presence of only one or a very small number of target molecules per cell, all of which having 
the same (in)activation energies and finally, the inability to repair the damage caused by 
inactivation (Gould, 1989).
11
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1.3.2 Deviations from Log: Linear Thermal Inactivation Kinetics 
Although the assun^tion that the death o f micro-organisms Allows the log: linear kinetics has 
been widely established, deviations from the log: linear behaviour can be often observed (Adams 
& Moss, 1995). Deviations can be of two forms (Figure 1.5). The first one is known as 'Tailing'' 
and is commonly characterised as a biphasic or upwardly concave curve in which there can be a 
change in death rate with an increase in the decimal reduction time during the period of heat 
application. The second one is known as "shouldering" and is characterized by an increase in heat 
resistance (rising counts) during the initial period of heating (Gould, 1989). Combinations of the 
two forms of deviations have also been encountered giving rise to sigmoidal-shaped plots (Cerf, 
1977).
Deviations from the first order logarithmic death have been described by many researchers as 
artefactual, resulting from the fact that colony-forming units (cfus) are normally counted rather 
than the number of actual survivors and therefore, do not really reflect the true inactivation kinetics 
(Gould, 1989). Furthermore, the change in resistance during heating combined with the 
heterogeneous resistance profile within a population, have also been considered as possible 
explanations to such deviations. Clumps of cells are considered to be the main cause of shoulders 
creating a bias in colony-forming unit survivor counts in which no representative colony can be 
seen before all the cells in the clump are inactivated. Lower heat penetration in cell clumps could 
also be the cause of shoulders in the survivor curves suggesting that low concentration inocula 
should be employed in heat inactivation trials (Stumbo, 1973). Finally, in the ‘multi-hit’ biological 
model, which states the existence of more than one target molecule per cell, shoulders can be a 
common phenomenon (Charm, 1958).
12
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I
3
C
3
3
Time of heating (min)
Figure 1.5 Commonly observed deviations from classical heat-inactivation kinetics (c). 
‘Shouldering’ (a), or ‘tailing’ (b), may both result from heat inactivation (Adapted from Gould, 
1989).
Conditions such as the presence of a minority sub-population with a higher intrinsic heat resistance 
and adaptation to heat exposure are considered to be the main causes of tailing in the survivor 
curves (Gould, 1989). Factors such as the composition of the heating menstruum and the growth 
conditions prior to heating are also known to affect the development of shoulder or tails and are 
among the many factors affecting the heat resistance of cells (Gould, 1989).
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1.3.3 Factors Affecting the Heat Resistance of Non-sporing Organisms
Factors that influence the heat resistance of micro-organisms involve growth conditions, such as 
the cell growth-phase, the conqx)sition of the growth medium, pH and water activity, growth 
tenq)erature, heat shock, the composition of the heating menstruum including its pH and water
activity, the heating protocol followed and finally the recovery conditions (e.g. Hansen & 
Riemann, 1963).
1.3.3.1 Effect of Growth Conditions
The ability o f micro-organisms to tolerate heat has been shown to be strain dependent (Blackburn
et al., 1997; Clavero et al., 1998; Duffy et al., 1999). In the work o f Clavero et al., (1998), the 
difference in the heat resistance among ten strains o f E.co/f 0157:H7 varied, depending on the 
heating temperature: Dgg g ranged fi-om 4.9 to 15 minutes and Dez.g ranged fi^ om 0.56 to 1.14 
minutes. Stationary-phase cells are more heat resistant than exponential phase cells (eg. Humphrey 
et al., 1995; Jackson et al., 1996; Kaur et al., 1998) a phenomenon that could be explained by the 
disturbance of the balance of the metabolic reaction rates during cell division (exponential-phase) 
(Hansen & Riemann, 1963). The imbalance between anabolism and catabolism has been suggested 
to result into a burst of fi-ee-radical production, which is the actual cause o f cell death. The 
difference between the survival of exponential and stationary-phase cells has therefore been 
proposed to be a result of the greater catabolic activity of the former cells and has been called the 
‘cell suicide response’ (Dodd et al., 1997). Cells grown at higher temperatures, those exposed to a 
sublethal heat-shock or even grown at limiting carbohydrate levels are more heat-resistant (Ng er 
a/., 1969; Banning ef a/., 1990; Jackson gr a/., 1996; Xavier & Ingham, 1997; Kaur gf a/., 1998; 
Semanchek & Golden, 1998). The effect of heat shock on the thermal resistance depends on the 
environmental conditions. In 1997, WiUiams & Ingham reported that heat shock increased the heat 
resistance of E.coli 0157:H7 cells in TSB medium but not in beef slurry. In 1992, Murano &
14
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Pierson showed that a heat shock of 5minutes at 45°C could increase the heat resistance o f E.co/f
0157:H7 cells grown aerobically to a much greater extent than in cells growing anaerobically. Heat 
shock has finally been implicated in cell recovery since it has been shown that a heat shock of 5 
minutes at 45®C led to a tenfold increase in the number of Escherichia coli 0157:H7 cells 
recovering a heat treatment o f 5 minutes at 59°C; a heat shock of 5 minutes at 42°C had no ef&ct
on cell recovery (Bromberg et a i, 1998).
1.3.3.2 Effect of Heating Medium
The physical and chemical properties of the medium in which cells are heated significantly affect 
their heat resistance. The higher the sugar concentration, the lower the water activity of the heating 
medium and the higher the heat resistance of the cells inactivated in it (Baird-Parker et a l, 1970; 
Goepfert et al., 1970; Gibson, 1973; Corry, 1974; Sumner et al., 1991). The z-values reported for 
Salmonella Typhimurium at a  ^ of 0.85 and 0.98 were 31.67°C and 14.49®C respectively and 
19.70°C and 10.8TC respectively for Salmonella Senftenberg, indicating that the aw-dependent 
heat sensitivity varies between different serotypes (Gibson, 1973). Similar variation also exists 
between different strains (Sumner et al., 1991) while Goepfert et al., (1970) and Corry, (1974) 
showed that the increase in heat resistance with reduced water activity of the heating medium 
should not be considered as a direct relationship, as different solutes used to reduce water activity 
showed different effects. At a^ of 0.92, T>ei values obtained for Salmonella Typhimurium 7M 4987 
strain were 13, 3, 2, 2 and 0.15 minutes in sucrose, glucose, sorbitol, fiiictose and glycerol 
respectively (Corry, 1974). Sucrose provided the highest protection, more so than sodium chloride 
could, when used in the work of Baird-Parker et a l, (1970) to study the effect of water activity on 
the heat resistance of different Salmonella strains. In all four different strains used, sucrose was 
shown to be better than sodium chloride in its ability to protect Salmonella cells against thermal 
death.
15
Chapter 1 Thermal Inactivation Kinetics
At aw of 0.90 and 0.96 for example, Dôo obtained for Salmonella Senftenberg 775W strain were 
75.2 and 21.7 minutes respectively in sucrose and 7.2 and 2.7 minutes respectively in sodium 
chloride. Nevertheless, sodium chloride is considered to be an important thermoprotectant (Hurst 
& Hughes, 1983). The heat inactivation of Salmonella species in potassium phosphate buffer 
solutions showed that only 0.22% of the population could survive a heat challenge at 55”C. 
Addition of sodium chloride however, increased the percentage of survivors to 37.62% indicating 
that the salt-containing solutions provided up to 170 times the protection of controls (Heddleson g/ 
a l, 1991). Similarly, addition of sodium chloride in tryptic phosphate buffer (TPB) at a final 
concentration of 1.6M significantly increased the heat resistance of L. monocytogenes at 56°C 
(Anderson et a l, 1991). A 30-minute heat-treatment at 56°C in TPB, containing O.IM of sodium 
chloride, reduced the number of surviving cells by a factor of more than lO'*. The same treatment 
in TPB-containing sodium chloride (1.6M) reduced the number of surviving L  monocytogenes 
cells by only a factor of 10 .
Heat resistance is affected by the pH of the heating menstruum. High pH (alkaline conditions) 
enhances thermal death while lower pH (more acidic conditions) increases resistance (e.g. Teo et 
a l, 1996). The death rate of Salmonella Typhimurium was significantly increased at pH values 
away fi-om its optimum (pH 6.1): D52 values obtained at pH of 4.0 and 9.0, were 0.75 and 1.25 
minutes respectively. When attached to chicken skin, the organism could be killed more rapidly in 
water at high pH (greater than pH 9) than at pH 6  (Humphrey et ah, 1981). The killing effects of 
high pH (greater than pH 10) have been reported for many bacteria: in synthetic egg wash water, a 
pH of greater than 10 was shown to exert a significant deadly effect on the surviving populations 
of fgra^ mfür g»fgmgo/frfga (Southam gr a/., 1987), awrgz/^ , E.co/i (Pearson g/ 6f/.,
1987) and Listeria monocytogenes (Laird et a l, 1991). In the work of Mendonca et a l,  (1994), the 
viability of &Enteritidis and E.coli 0157:H7 decreased as time exposure to pH 10 or 11 increased.
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In the same work, the destruction of the gram-negative foodbome pathogens by high pH was 
attributed to cytoplasmic membrane disruption, something that could also result during heating at 
high temperatures. Little research has been conducted on the combined effect of high pH and high 
temperature on the heat resistance of gram-negative foodbome pathogens. In 1994, Mendonca et 
al., showed that an increase in temperature from 37 to 45“C enhanced the cell destmctive 
properties of high pH. At pH 9, no change in viable numbers of 5'.Enteritidis, E.coli and Listeria 
monocytogenes cells was observed when cultures were held at 3TC while when exposed to pH 
higher than 10, all three organisms died faster at 45°C.
Finally, acidification of heating medium with organic acids has been shown to significantly affect 
bacterial sensitivity to heat (Humphrey et ah, 1991; Humphrey et al., 1993; Teo et al., 1996; 
Blackbum et al., 1997). The thermal resistance of Salmonella Enteritidis and E.coli 0157:H7 was 
lower in the presence of acetic acid than hydrochloric, lactic and citric acid, used at the same 
concentration and pH (Blackbum et al., 1997).
1.3.3.3 Effect of Recovery Conditions
The conditions under which surviving cells are incubated following heat inactivation are important 
determinants of the measured heat sensitivity. Enumeration of survivors using pour plates 
increased the measured heat inactivation of Escherichia coli 0157:H7 cells compared with spread 
plates (Czechowicz et al., 1996). Sensitivity to heat could also apparently increase when 
Escherichia coli 0157:H7 cells were held on ice than at 20®C before enumeration (Williams & 
Ingham, 1997) and when incubation was carried out at temperatures lower than 30°C (20 or 25”C) 
(George et al., 1998). Media selectivity has also been shown to decrease the measured heat 
resistance of bacteria (e.g. Clavero & Beuchat, 1995, 1996; Clavero et al., 1998; Duffy et al., 
1999).
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Incubation of heat-injured cells under anaerobic conditions has been shown to enhance survival 
(e.g. Blackbum cr a/., 1997; Xavier & Ingham, 1997; George cf a/., 1998). In E.co/z 0I57:H7, the 
time at 59®C for a 6D reduction was 19-24 minutes when anaerobic gas mixtures were used, 13-17 
minutes when low oxygen concentrations (0.5-1%) were en^loyed and 3-5 minutes under high 
oxygen concentrations (2-40%) (George e/ (f/.,1998). In a subsequent study, the artificial 
manipulation o f the redox potential of recovery media using potassium frrricyanide, 2,6- 
dichloroindophenol and dithiothreitol showed that the measured heat resistance was affected by 
redox potential and not by the oxygen concentration (George & Peck, 1998). In E.coli 0157:H7 
cells heat-treated aerobically to obtain a 6 D reduction, part of this reduction (3D) was due to 
thermal inactivation, while the other 3D reduction was related to the sensitivity of the sub-lethally 
heat-injured cells to the presence of oxygen (Bromberg et a l, 1998). When those cells were held 
anaerobically for 4h at 30°C, they regained their ability to grow in the presence of oxygen. 
Addition of catalase or pyruvate to the enumeration media has generally been shown to enhance 
recovery to a varying extent (Clavero & Beuchat, 1995; McCleery & Rowe, 1995; Czechowicz et 
a/., 1996).
1.3.3.4 Other Conditions
Surface attachment has been shown to positively affect the thermal resistance of Salmonella 
Enteritidis: attachment to glass or stainless steel, resulted in a twofold increase in D52 values 
compared to unattached cells (Dhir & Dodd, 1995; Humphrey et a l,  1995).
Prior storage at higher temperatures or even prior exposure to slowly increasing temperatures have 
been shown to enhance bacterial thermal resistance (Corry & Roberts, 1970; Mackey & Derrick, 
1987a; Humphrey, 1990). Exposure to elevated temperatures is further characterized by the 
induction of a specific set of proteins known as heat-shock proteins (HSPs) (Lindquist, 1986).
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Even though these were initially associated only with change in temperature, other environmental 
stimuli have been implicated in their induction. Nutrient starvation, pH shift, exposure to oxidizing 
agents, anaerobiosis, heavy metals, ethanol and DNA-damaging agents have all been reported to 
rapidly stimulate induction of HSPs (Taglicht et a i, 1987; Bukau & Walker, 1989; Gould, 1989). 
In a temperature shift from 30°C to 45°C resulted in the synthesis of at least
seventeen proteins within a period of just one minute (Allan et ah, 1988). As for their function, 
experiments liave shown that pre-incubation at sub-lethal tenq)eratures (above the normal growth 
range) and subsequent heat challenge not only results in the induction of HSPs but also in 
enhanced resistance to heat (Farber & Brown, 1990; Whitaker & Batt, 1991). A study of Mackey 
& Derrick (1987b) on the effect of prior heat-shock on the thermotolerance of Salmonella 
Thompson in foods, showed that incubation at 54°C for 1 hour reduced the surviving population by 
Slog, while the same heat-treatment reduced the number of previously heat-shocked cells by only 
Hog.
The role of heat-shock proteins is not confined towards thermostabilisation as some of the proteins 
have been implicated in cellular metabolism (Fayet et a i, 1989). In E.coli, the DnaK and GroEL 
proteins are believed to act as ‘molecular chaperones’ triggering the proper folding of other 
proteins, with GroEL, in particular, being studied ft)r its properties as an enzyme-stabilising 
protein (Bukau & Walker, 1989). Thus, the role of HSPs during heat exposure is suggested to be 
the protection of enzyme fiinction that permits repair and growth resumption at a suitable 
temperature (Mendoza et al., 1996).
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Finally, the presence of a high concentration (greater than 10^  cfh/ml) o f other Gram-negative 
organisms (E.co/f, and significantly increased the
heat resistance of Salmonella Typhimurium LT2 at 55“C (Duffy et a i, 1995). In the same study it 
was suggested that the high concentration of con^titor cells were interpreted by as a
signal to induce stationary-phase gene expression and thus account for the higher tolerance to heat. 
Further investigation however, showed that the stationary-phase adaptive response was induced 
too slowly to account fi)r the instantaneous protection afforded by the competitive microfiora and 
that the protective effect was a result of a rapid decrease in oxygen (through the respiration of the 
competitive microfiora) that reduced the oxidative damage to Salmonella (Aldsworth et a l,  1998).
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2.0 The Starvation Induced Response: Stationary-Phase
2.1 Introduction
In their natural environment bacteria only seldom encounter unlimiting nutrient resources allowing 
them to sustain a maximum growth rate. The nutrient scarcity, characteristic o f most natural 
environments, leads to non-growth or growth at sub-maximal rates (Matin gr ar/., 1989).
Morphological changes are among the mechanisms employed by bacteria to help them maintain 
their viability during starvation and prepare themselves to resume growth when nutrients become 
available again. Clostridium spp. Bacillus spp. and Streptomyces spp. resort to the formation of 
dormant spores (Chater, 1993; Hock, 1993), Serratia spp. form multicellular aggregates (Alberti & 
Harshey, 1990), while the formation of fruiting bodies is the mechanism employed by Myxococcus 
(Kim et a l, 1992). Non-differentiating bacteria, like E.coli, Salmonella Typhimurium and Vibrio, 
do not employ the sophisticated and easily detectable morphological changes but follow other 
complex starvation-induced programs which have a lot of features in common (Groat et a l, 1986; 
Spector & Cubitt, 1992; Ostling et a l, 1993).
Prior to their total exhaustion, nutrients become limiting, bacterial growth rate becomes a function 
of the decreasing residual substrate concentration (Hengge-Aronis, 1993a) and a response specific 
to the class of limiting nutrients is induced. In E.coli, nutrient specific systems include the cyclic 
AMP (cAMP)-cAMP receptor protein (GRP) regulon for carbon sources, the NtrB/NtrC/o^"^ 
regulon induced under conditions of nitrogen limitation and the PhoB/PhoR regulon induced when 
phosphorous sources become limiting. These systems control genes, whose gene products allow 
higher afiBnity uptake o f the substrate present at low concentration and the utilization of other 
substrates that belong to the same class of nutrients (Hengge-Aronis, 1987).
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In a medium characterized by a total exhaustion of nutrients, the cells enter the stationary-phase. 
The conditions encountered prior to nutrient starvation will determine bacterial responses to a 
nutrient starved stationary-phase. The physiological changes and survival characteristics o f 
bacteria in stationary-phase vary between dif&rent organisms and generally involve 6ctors such as
the previous growth rate, which will determine the overall cell composition (i.e. DNA, proteins), 
the nutrients supplied during the exponential phase and the bacteria’s age, culture density and 
biological history (Wanner & Egli, 1990; Mason & Egli, 1993; Nystrom, 1993).
Despite these differences, a general starvation response, common to all bacteria in stationary-
phase, exists independent of the limiting nutrient and thus, the medium used for growth (Hengge- 
Aronis, 1993a; Loewen & Hengge-Aronis, 1994).
The study of the general starvation response is particularly important in terms of understanding the 
way bacteria survive and proliferate in their natural environment, where starvation is an every-day 
problem. For pathogenic bacteria, the study of the general starvation response becomes extremely 
important, since it has been found that starvation induces many virulence genes, as for example the 
virulence genes in Typhimurium (Fang e/ a/., 1991; Krause g/ a/., 1992; Coynault
etal., 1996).
2.1.1 Structural and Physiological Characteristics of Starved Cells 
Entry into stationary-phase is characterized by a variety o f changes in cellular morphology and 
physiology. Cell size reduction and change in shape from a rod-shaped to a more spherical 
morphology has been reported 6)r many Gram-negative bacteria such as E.co/z, spp.
and (Lappin-Scott gf a/., 1988; Lange & Hengge-Aronis, 1991b; Matin, 1991;
Givskov gf a/., 1994). Size reduction by reductive cell divisions is thought to increase the chances 
of bacteria encountering nutrients and can thus improve their potential survival.
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Differential starvation responses are encountered in the marine spp. whose morphological
changes upon starvation depend on the limiting nutrient. Carbon or multiple nutrient starvation
results in cells being small and coccoid. Thin filaments are formed during nitrogen starvation and 
swollen elongated cells are produced as a result o f phosphorous starvation (Holmquist & 
Kjelleberg, 1993). Together with changes in cell size and shape, changes o f the subcellular 
compartments also occur in the form of condensed cytoplasm and an increase in the volume of 
periplasm (Reeve gf a/., 1984a; Siegele & Kolter, 1992).
Starved cells also differ fi-om grooving cells in their sur6ce properties. In many marine bacteria, 
the surface becomes highly hydrophobic and the cells more adhesive allowing fi)r attachment to 
solid sur6ces that increases their chances to escape starvation (Kjelleberg gl a/., 1987). Changes in 
the 6tty acid composition have been reported for several species, such as E.co/f in which entrance 
into stationary-phase is accompanied by a conversion of all unsaturated fatty acids in the 
membrane to cyclopropyl derivatives (Cronan, 1968). Prolonged starvation-induced aggregate 
fiDrmation has been reported in PfWo spp. and E.co/z (Budrene & Berg, 1991; Siegele & Kolter,
1992) while changes in the cell wall are additional structural changes that accompany cells 
entering starvation and protect them against autolysis (Tuomanen g/ a/., 1988; Nystrom & 
Kjelleberg, 1989).
While the DNA content of starved cells depends on the growth rate prior to starvation (Akerlund et 
1995), it remains stable throughout starvation with changes observed in chromosome topology, 
such as nucleoid condensation in Pz6no spp. (Baker gr ar/., 1983; Moyer & Morita, 1989) and 
changes in the supercoiling in Æ.go/z (Balke & Gralla, 1987).
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A level of metabolism is maintained during starvation even though the overall metabolic rate 
decreases. In this way, a level of ATP for example is maintained and a proton motive force across 
the membrane is retained during starvation (Siegele & Kolter, 1992). The rate of protein turnover 
increases significantly during starvation, (approximately five fold in starved E.coli) while protein 
breakdown becomes significant only after other less essential components (storage compounds and 
RNA) have been exhausted (Mason & Egli, 1993). In both and PzWo, a decrease in RNA 
stability is observed upon transition into the stationary phase with more than 20% of the total RNA 
lost during the first hours of starvation providing a major source of energy (Mandelstam, 1960).
Even though E.coli, Salmonella and Vibrio do not differentiate into spores as a result of starvation, 
structural changes in addition to changes in their physiology and metabolism that occur, confer 
some of the properties of classical spores (Kolter et a i, 1993). Spores are mostly characterized by 
their ability to withstand a variety of environmental stresses and similarly, non-sporulating Gram- 
negative bacteria become more resistant following starvation (Matin, 1991). Carbon-starved E.coli 
cells are more resistant to oxidative, osmotic and heat shock stress than exponential cells (Jenkins 
et ah, 1988; Jenkins et ah, 1990; Arnold & Kasper, 1995).
Starvation-induced enhanced resistance requires new-protein synthesis (30-50 proteins are 
synthesized by carbon-starvation in E.coli) (Groat et ah, 1986) needed to maintain viability, 
recover fi-om starvation and also resume growth when nutrients become available again (Reeve et 
ah, 1984b; Groat et ah, 1986).
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2.1.2 Regulation of Starvation Response
Carbon limitation-induced stationary-phase is characterized by the synthesis of 30-50-proteins in 
both E.co/f and ^Typhimurium (Groat gf a/., 1986; Spector gr 1986). An attempt to identify^  
carbon-starvation-regulated genes resulted in the isolation and characterization of the g^ z2 gene 
whose mutation led to a drastic reduction of starvation survival (Lange & Hengge-Aronis, 1991a). 
Cloning of this gene showed that it had previously been independently identified and had thus 
received several different designations: nur conferring near ultraviolet resistance, appR required 
for the synthesis of an -encoded acid phosphatase, and also katF required for the synthesis of 
the catalase hydroperoxidase II (HPII) (Loewen & Triggs, 1984; Sak et a l, 1989; Kolter et a l, 
1993; Loewen & Hengge-Aronis, 1994). Sequence analysis of the katF gene showed that it shared 
an extensive homology with rpoD the gene encoding the sigma subunit of RNA polymerase, 
(Loewen & Hengge-Aronis, 1994). The gene variously known as nur, katF, appR and csi2 was 
therefore renamed rpoS and its gene product RpoS, or (Lange & Hengge-Aronis, 1991a).
The involvement of the sigma factors in B.subtilis sporulation and the physiological properties 
shared by sporulation and stationary-phase, led to the suggestion that one or more alternative 
sigma factors might also mediate the stationary-phase adaptive process in E.coli (Losick & 
Stragier, 1992; Errington, 1993). Following the discovery of RpoS, a lot of research effort was 
devoted to the mechanisms of RpoS regulation and RpoS-dependent gene regulation.
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2.1.2.1 Regulation of Cellular RpoS Levels
Cell regulation of RpoS levels occurs through the control of transcript abundance, translation 
efficiency and protein stability (Loewen & Hengge-Aronis, 1994; Lange & Hengge-Aronis, 1994). 
RpoS transcriptional expression increases two-to-threefi)ld during exponential phase and 20-fi)ld 
upon transition into the stationary-phase (Mulvey gr a/., 1990; Lange & Hengge-Aronis, 1991a). 
During late exponential-phase (an hour or two prior to growth cessation), translation is inceased by 
eightfold and reduced again at the onset o f starvation.
Transcriptional control of RpoS levels is shown to be growth-rate regulated (Mulvey et a l, 
1990; Loewen & Hengge-Aronis, 1994). Anaerobiosis during growth of E.coli in Luria-Bertani 
(LB) medium reduced the growth rate and triggered expression (Mulvey at a/., 1990). 
Starvation could trigger rpoS expression depending on the missing nutrient: under nitrogen or 
phosphorous starvation expression o f was induced while carbon starvation resulted in 
reduced expression (Mulvey ct (z/., 1990; Lange & Hengge-Aronis, 1991a). A heat-stable 
component found in the spent medium of a stationary-phase E.coli culture was able to induce rpoS 
expression (Mulvey et a i, 1990). Fermentation by-products added as a first attempt to identify this 
component did not have any e f^ t  on zpo/S" expression levels in contrast to aromatic acids, such as 
benzoic acid, which significantly induced expression together with other weak acids such as acetic 
and propionic acids. Two possible explanations were given for the effect of the aromatic acids on 
expression. One is based on the effect of aromatic acids on the internal pH o f the cells: 
addition of weak acids reduces the internal pH of the cells, which in turns induces expression 
in the same way as aromatic acids previously turned on the expression o f W E gene by changing 
internal cell pH (Schellhom & Hassan, 1988; Mulvey gf a/., 1990; Schellhom & Stones, 1992).
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The second possible explanation involved the structural similarities the aromatic acids might have 
with an inducer responsible ft)r triggering zpoE expression.
A positive correlation between guanosine 3%5’-bispyrophosphate (ppGpp) and RpoS levels has 
been observed (Gentry gl a/., 1993; Lange cr a/., 1995). PpGpp, accumulating during amino acid or 
energy source starvation, has been suggested as a positive regulator of zpoE transcription while its 
accumulation depends on the activities of the rg/T and apoT gene products (Cashel & Rudd, 1987). 
rg/T apoT double mutants exhibit reduced transcription and translation o f zpoE . /arcZ fusions, a 
result that has led to the suggestion that ppGpp is an inducer o f RpoS expression (Gentry et al.,
1993). Another common metabolite, inorganic polyphosphate, has lately been positively correlated 
with increased rpoS expression (Shiba et al., 1997). Finally, contradictory reports refer to the role 
of the signal molecule adenosine 3’,5’-cyclic monophosphate (cAMP) in rpoS expression. It has 
been suggested however, that the complex of cAMP with its receptor protein (CRP) directly 
inhibits zpoE transcription (Lange & Hengge-Aronis, 1994). Addition of cAMP to gya mutants 
(encoding fi)r adenylate cyclase) inhibited RpoS synthesis. A cya g/p double mutant exhibited 
elevated levels of RpoS throughout exponential phase, while upon entry into stationary phase no 
RpoS induction was observed, possibly indicating a role of stationary-phase removing the 
repression o f zpoE expression by cAMP-CRP. ppGpp, cAMP-CRP and inorganic polyphosphate 
have generally been included as modulators o f zpoE transcription despite the 6ct that their precise 
role has not been yet identified.
Two possible metabolic signals have been positively correlated with RpoS levels: UDP-glucose 
(Bohringer gr a/., 1995) and homoserine lactone (Huisman & Kolter, 1994). Homoserine lactone 
constitutes an intracellular signal that accumulates in starved E.gg/z cells independent o f the cell 
density. Homoserine lactone (HSL) affects the levels o f RpoS since mutants blocked at steps
before the synthesis of homoserine (HS) do not induce RpoS unless they are provided with HS or
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HSL (Huisman & Kolter, 1994). At high cell densities, HSLs may be acylated to allow them to 
diffuse across membranes and thus, act as intercellular signals. Acyl-homoserine lactone molecules 
(AHL) had not however, been implicated with induction o f /poE expression until quite recently. In
the work of Latifi et al., (1996), AHLs were implicated in the signal-dependent regulation of rpoS 
transcription in f  .agnzgmgjg. Mutants defictive in their ability to produce AHL signal molecules 
were characterized by a complete inhibition of rpoS expression. No exact mechanisms have been 
proposed &)r this effect, as is also the case &)r the role of UDP-glucose in zpoE expression.
Although it has been shown that increased intracellular levels of UDP-glucose down-modulate 
RpoS expression, its molecular mechanism of action is not yet understood, while it is suggested 
that it influences the posttranscriptional regulation of rpoS (Hengge-Aronis, 1987).
Post-transcriptional or translational control of RpoS synthesis was first described by McCann 
et al., (1993) and Loewen et a l, (1993) and was further supported by the observations that 
translation of rpoS mRNA was stimulated upon the transition into the stationary-phase under low 
temperature and high osmolarity conditions (Lange & Hengge-Aronis, 1994; Muffler et a l, 1996b; 
Muffler et a l, 1997a). The secondary structure of rpoS mRNA resembles that of rpoH (encoding 
the heat shock sigma factor o^ )^ suggesting that the mechanism of translational control of both 
genes is similar (Loewen et al., 1998). Control at the level of translation involves the control of the 
access of ribosomes to the initiation codon and ribosome-binding site through the secondary 
structure or protein binding. The ribosome-binding site and initiation codon are inaccessible for 
ribosome binding since they are found in the regions of the secondary structure, making it a major 
determinant controlling zpoE mRNA translation. Disruption and destabilization o f the secondary 
structure (branched stem and loop structure) can increase translation efficiency (Lange & Hengge- 
Aronis, 1994).
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The RNA binding protein, Hfq (host 6ctor), is a positive regulator o f zpoE translation. Due to its 
role as an RNA binding protein, Hfq may cause destabilization o f the secondary structure and thus 
increase translational efficiency (Brown & Elliott, 1996; Muffier gr a/., 1996a). Another protein,
the histone-like DNA protein, H-NS, has been shown to inhibit rpoS mRNA translation by 
preventing Hfq fiom activating translation. The exact mechanism for such interaction is not yet 
understood and the possibility of H-NS acting towards stabilizing the mRNA secondary structure, 
rather tlmn acting directly onto Hfq has yet to be determined (Barth gf a/., 1995; Yamashino ef (z/., 
1995; Loewen et al., 1998). A small regulatory RNA, dsrA RNA, has been imphcated in the 
positive regulation of rpoS mRNA translation by interacting with H-NS and eliminating translation 
repression (Slec^eski & Gottesman, 1995; Slec^eski gf zz/., 1996). When the synthesis o f RNA 
is inhibited by LeuO protein, then H-NS is free to exert its translation-repressing role (Klauck et 
al., 1997). Finally, oxyS RNA has recently been implicated in reduction of RpoS synthesis. Its role 
in rpoS mRNA translation has been linked to an interaction with Hfq (Loewen et al., 1998).
Post-translational modulation of RpoS levels involves the control of RpoS cellular levels at the 
level of protein turnover. Further to its synthesis, the stability of RpoS increases upon entrance into 
the stationary-phase: its half-life increases from 1.5 to 2.5 minutes in exponential-phase up to 25 
minutes in stationary-phase (Lange & Hengge-Aronis, 1994). The ClpPX protease is responsible 
for the instability of RpoS in the exponential-phase while it has nothing to do with the increased 
RpoS stability during stationary-phase (Schweder gr 6z/., 1996). RssB, a response regulator also 
known as MviA in Salmonella Typhimurium (Bearson et al., 1996), has been implicated in the 
destabilization of RpoS protein (Muffier gf zz/., 1997b). Overproduction o f RssB leads to a 
decrease in RpoS stability and since ClpPX protease is present in both exponential and stationary 
phases, RssB could control degradation by either acting on the protease or on the RpoS directly 
(Zhou & Gottesman, 1998). Identification of the substrate-specific fashion of RssB activity by
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Zhou & Gottesman, (1998), suggested that RssB may form a complex with RpoS which may either 
alter RpoS so it can easily be degraded, or the complex could make RpoS more sensitive to the 
ClpPX protease. RssB has an effect on RpoS regardless o f whether ClpPX is present or not and 
thus, RssB down-regulates RpoS activity. It has been shown that the N-terminus of RssB is
homologous to a set of proteins known as response regulators, that function through 
phosphorylation (Bouche et a l, 1998). It therefore, appears that RssB may also serve as a regulator 
of RpoS levels through signals it receives from the cell’s environment. DnaK has been imphcated 
in increasing the levels of RpoS (Muffler et a l,  1997a; Rockabrand et a l, 1998). Measurement of 
RpoS half-life shows that RpoS is less stable in dnaK mutants, indicating that DnaK protein plays 
a role in maintaining the stabihty of RpoS. The fact that DnaK levels increase during starvation 
indicates that the protein is partly responsible for maintaining higher levels of RpoS during 
stationary growth phase (Loewen et a l, 1998). The mechanism by which DnaK increases RpoS 
levels has not been fully described. It is most likely that DnaK acts by inhibiting degradation of 
RpoS by the ClpPX protease. Instead of acting directly on RpoS as RssB does, DnaK may inhibit 
degradation indirectly by inhibiting the ClpPX protease from acting on the RssB-RpoS complex 
that is subject to degradation. The possibility that DnaK may also respond to environmental 
signals, as RssB does, needs further investigation (Loewen et al., 1998).
The complexity of the RpoS expression mechanisms, some of which not yet fully identified, can be 
rather expected and justified due to the variety of conditions that induce or repress its expression. 
The way each effector determines RpoS expression is highly dependent on the inducing 
conditions, the same conditions that determine the genes RpoS induces upon expression (Hengge- 
Aronis, 1993a).
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2.1.2.2 RpoS-dependent Gene Regulation
The products of RpoS-regulated genes control a variety of functions most of which involve 
physiological adaptations upon entry into the stationary-growth phase (Loewen & Hengge-Aronis,
1994). The changes in cell morphology attributed to the morphogene bolA whose induction 
increases tenfold upon entry into the stationary-phase (Aldea et a l, 1989) and the virulence genes, 
spvABCD in Salmonella Typhimurium (Fang et al., 1992; Heiskanen et a l, 1994) and csgA in 
E.coli are under the control of RpoS. Induction of osmoprotection and thermotolerance can be 
mediated by the trehalose synthesizing gene products of otsA, otsB and treA: transcription of all 
three genes being increased tenfold during transition into stationary-phase, an induced expression 
being entirely dependent on rpoS (Hengge-Aronis et a l, 1991). The glgS gene that induces 
glycogen synthesis (Hengge-Aronis & Fischer, 1992), the osmB, osmY and cfA genes involved in 
membrane and cell envelope changes (Hengge-Aronis et a l, 1991; Hengge-Aronis et a l, 
1993;Wang & Cronan, 1994) and the genes necessary for anaerobic growth, appY, appCBA and 
hyaABCDEF (Lange & Hengge-Aronis, 1991b; Brondsted & Atlung, 1994) are all induced by 
RpoS. Finally, prevention of DNA damage is induced by the katG and katE genes, encoding for 
catalase HP! and catalase HPII respectively (Schellhom & Hassan, 1988; Mulvey et al., 1990) and 
by the dps gene encoding for a histone-like protein, DpS, that forms complexes with DNA thus, 
protecting it against H2O2 (Altuvia et a l, 1994). DNA repair mechanisms involve the xthA- 
encoding exonuclease III and the aidB gene product responsible for the méthylation damage repair 
of DNA (Sak et al., 1989; Landini et a l, 1996), all mechanisms under the positive control of 
RpoS.
Several RpoS-dependent genes encode regulatory proteins, which in turns control the expression of 
other regulatory proteins, termed secondary regulators. Genes controlled by secondary regulators 
are thus under indirect regulation of RpoS (Loewen & Hengge-Aronis, 1994).
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The AppY and BolA regulatory proteins for instance, control the expression of other proteins 
(Atlung gr (zA, 1989; Aldea gr (z/., 1989) together with Dps that controls the expression of at least 
23 still unidentihed starvation-induced proteins (Ahniron gr a/., 1992). Other components involved
in the control of RpoS-dependent genes have been evidenced indicating that RpoS is a central 
component of a larger regulatory network (Loewen & Hengge-Aronis, 1994). cAMP-CRP has 
been shown to be the activator of about two-thirds of the carbon starvation genes (Groat et al., 
1986; Schultz et al., 1988) and genes such as cstA and glgS are positively controlled by it (Blum et 
a l,  1990; Hengge-Aronis & Fischer, 1992). On the other hand, genes like rpoS itself (Lange & 
Hengge-Aronis, 1994), bolA (Lange & Hengge-Aronis, 1991b), the virulence spv Salmonella 
genes (O’Byme & Dorman, 1994a) and osmY (Lange et ah, 1993) are negatively controlled by 
cAMF-CRP. Repression of osmY expression is also mediated by the leucine-responsive regulatory 
protein (Lrp) and the sequence specific histone-like protein, integration host factor (IHF) (Lange et 
al., 1993). The latter however, is a positive regulator of dps (Altuvia et a l, 1994) and mcb 
(encoding for microcin B17) gene expression even though the microcin B17 peptide antibiotic is 
not under the control of rpoS (Bohannon et a l, 1991). Finally, the histone-like protein, H-NS, is a 
negative regulator of certain stationary-phase genes including the spv Salmonella virulence gene 
(O’Byme & Dorman, 1994b). It seems therefore, that the regulation of stationary-phase gene 
expression involves different combinations of regulators with RpoS being only one of the many 
single factors involved.
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Even though in the m^ority of the stationary-phase responsive genes, expression is mediated by 
RpoS, ypoS" mutations have shown that at least 20 proteins induced by carbon starvation in E.co/f 
are RpoS independent (McCann gr a/., 1991). DnaK and GroEL heat shock proteins, whose 
induction during starvation depends on are among these (Jenkins et ah, 199\). A DnaK 
mutant failed to develop starvation-induced thermotolerance, reductive division or H2O2 resistance 
and even though the same three mutant starvation phenotypes are also shown in an yyoS" mutant 
(Rockabrand et ah, 1995), the interrelations between DnaK and RpoS are still unclear.
The HF-1 RNA binding protein, previously described as being essential for RpoS translation, is 
&)und to regulate as many as 12 stationary phase induced RpoS-independent genes (Mufder gf a/., 
1997c). Expression o f itself is RpoS independent while it is strongly reduced in ppGpp-fiee 
rgM apoT double mutants (Gentry gr a/., 1993). ppGpp also positively regulates the expression of 
other RpoS-independent genes such as that o f gene, which codes for the stringent starvation 
protein SspA (Williams gf a/., 1994) and g/gC and gZg/4 genes that are part o f the g/gC 4f operon 
encoding the glycogen synthetic genes (Romeo & Preiss, 1989). Finally, proteins such as the 
general stress protectants UspA (Nystrom & Neidhardt, 1994) as well as the peptide antibiotic 
microcin B17 (Siegele & Koher, 1992) are induced by a reduction in growth rate fiom 
dependent promoters.
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2.2 Bacterial Cell-to-Cell Communication
In some species, transition into stationary phase is accompanied by the secretion of small 
signalling molecules produced in response to an increase in cell density (Swift g/ a/., 1994). These
signalling molecules, often referred to as pheromones or autoinducers, mediate intercellular 
communication in what is commonly known as 'Quorum sensing’, a term used to describe the 
phenomenon where the accumulation of signalling molecules enables a single cell to sense cell 
density (Swift g/ a/., 1996). Quorum sensing enables bacteria to co-ordinate their behaviour 
according to population density and behave collectively as a group. The principle behind quorum 
sensing, or cell-to-cell commumcation, is that when a single bacterium releases signalling 
molecules their concentration in the environment is too low to be detected. When sufBcient 
bacteria are present, then autoinducer concentrations reach a threshold that allows the bacteria to 
actually sense the critical cell mass and respond accordingly (de Kievit & Iglewski, 2000). 
Bacterial responses involve the activation or repression of target genes, following a complex and 
not yet fully understood signal transduction cascade that is ultimately translated into a change in 
the behaviour of the organism consistent with the dominant environmental condition. In other 
words, quorum sensing describes the collection of molecular mechanisms used by bacteria to 
monitor density, which transduce environmental stimuli into gene expression.
2.2.1 N-acyl-Homoserine Lactone-Mediated Quorum Sensing in Gram-negative 
Bacteria
In the vast m^ority of Gram-negative quorum sensing systems, A-acyl homoserine lactones (AHL) 
serve as the main signalling molecules (Swift gr a/., 1996). These consist o f a homoserine lactone 
moiety linked to a variable acyl side chain (Figure 2.1) (More gf a/., 1996). Variations of the N- 
acyl side chain structure include chain length and the nature of the substituent at the C3 position
(Swift et a l, 1996).
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/V-(3-hydroxybutanoyl)-L-homoserine lactone (HBHL) 
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Figure 2.1 The structure of N-acyl homoserine lactone molecules. HBHL produced by Vibrio 
harveyi, OHHL produced by Vibrio fischeri and Erwinia carotovora, OOHL produced by
and ODDHL produced by f.agn/gfwoja (Adapted horn SwiA ef a/.,
1994).
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Different bacteria can produce the same AHL to regulate different biological properties in each 
strain. Furthermore, bacteria can produce multiple AHLs, each having different effects on 
phenotype (SwiA gf a/., 1996). The research into AHL-based quorum sensing started in the late
1960s, using the marine symbiotic bacterium Vibrio fischeri, which over the years was turned into 
a paradigm for AHL-mediated intercellular communication in bacteria.
Vibrio fischeri cultures can produce light when bacteria are present in high concentrations. The 
initial explanation given involved a component inhibitory to luminescence that was present in the 
culture media and could only be removed by the presence of a high bacterial concentration 
(Kempner & Hanson, 1968). This was suggested since luminescence could be induced even at low 
densities when grown in media conditioned by an initial exposure to the bacteria. It was later 
shown that luminescence induction in conditioned media was not a result of the removal of an 
inhibitory component but of the release and accumulation of an activator molecule, termed 
autoinducer (Nealson et a l, 1970; Eberhard, 1972). The first isolation and characterization of the 
V.flscheri signalling molecule was carried out by Eberhard et al., in 1981 and identified as iV-3- 
oxohaxanoyl-L-homoserine lactone (3-oxo-C6-HSL). The first analysis and cloning of the 
luminescence genes, involved in V.flscheri quorum-sensing, was carried out in 1983 by Engebrecht 
et al. These advances established the foundation for the discovery of quorum sensing systems in 
other bacteria.
The V.flscheri luminescence {lux) genes appear as two transcripts: IrnR and luxICDABEG (the lux 
operon) separated by a regulatory region containing divergent promoters fi)r these genes
(Engebrecht & Silverman, 1984). Ii4xl and luxR are regulatory genes, the first required for the 
synthesis of AHL and the second specifies a protein necessary to activate the transcription of the 
lux operon in response to AHL (Engebrecht et al., 1983; Engebrecht & Silverman, 1984).
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It has been &)imd that the gene is responsible A)r the synthesis o f two AHLs: A-3-oxo- 
octanoyl-L-homoserine lactone (OOHL) and A-3-oxo-hexanoyl-L-homoserine lactone (OHHL)
(Ulitzur & Dunlap, 1995). The LuxR protein associates with the cytoplasmic membrane where it 
binds AHL possibly facilitated by the protein-lipid interaction. The N-terminal domain of the 
LuxR protein contains the AHL binding region, while the C-terminal domain contains a DNA 
binding motif, only accessible when AHL is bound, an RNA polymerase binding region and a 
region for the activation of the lux operon transcription (Ulitzur & Dunlap, 1995). The luxA and 
luxB genes encode the a and P subunits of luciferase and the luxC, luxD and luxE genes encode the 
polypeptides of the /«%-specific fatty acid reductase complex (reductase, acyl transferase and acyl 
protein synthetase) necessary for the synthesis and recycling of the aldehyde substrate for 
luciferase (Boylan et al., 1985; 1989). Finally, the luxG gene encodes a protein of unknown 
function.
When the population density is low, AHL is synthesized at low rates probably due to a basal 
(insufficient) transcription of the lux operon producing low levels of the LuxI protein (Ulitzur & 
Dunlap, 1995). As the cell density increases and cells accumulate, so does the AHL in both the 
medium and within the cells. Once a specific threshold concentration of AHL has accumulated, it 
forms a complex with the LuxR protein, which facilitates the association of the RNA polymerase 
with the h a  operon promoter, therefore initiating its transcription. Since luxi is a member of the 
lux operon it creates a positive feedback circuit so that AHL is autoinducing its own synthesis and 
that is why AHLs have been commonly known by the name ‘autoinducers’. As a result of this, 
once the threshold concentration is reached, the levels of luciferase synthesis and luminescence 
increase rapidly (Engebrecht et al., 1983; Eberhard et al., 1991). Serving as a signal amplifier, 
autoinduction enables the population to respond rapidly to the environmental cue of reaching a 
critical cell-density.
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Growth conditions are among the 6ctors shown to control /m: gene expression: addition of 
nutrients are shown to delay or even inhibit the development o f luminescence while nutrient- 
depleted cells display a higher sensitivity to exogenously added autoinducer (Ulitzur & Kuhn,
1988) with cAMP/CRP shown to have a role on this effect (Engebrecht et a l,  1983). cAMP/CRP 
controls the expression of lux genes evidenced by the fact that glucose is a repressor of 
luminescence (Friedrich & Greenberg, 1983) and induction of luminescence was completely 
inhibited in cyn and c/y mutants o f (Dunlap, 1989). cAMP/CRP is required for the
transcription of the luxR gene, which results in the build up of the cellular level of LuxR protein. 
The control of quorum regulation by cAMP/CRP serves as a valuable source of information on the 
nutritional and growth rate status of the cell in the quorum sensing mechanism: quorum sensing is 
stimulated under conditions of nutritional and growth rate limitation (high levels of cAMP) while 
it is delayed and even completely blocked under conditions of rapid growth (low levels of cAMP). 
Glucose, oxygen and iron are among the various factors that affect growth and luminescence 
although their actual activity on the lux operon remains unidentified (Dunlap, 1992a; 1992b). 
Active LuxR synthesis, AHL binding by the amino-terminal portion of the LuxR and thus, 
luminescence levels are enhanced by the GroEL chaperone showing that folding mediated by 
chaperones is needed to stabilize the protein in the active form (Adar et a l, 1992; Dolan & 
Greenberg, 1992; Hanzelka & Greenberg, 1995).
A third AHL, iV-octanoyl-L-homoserine lactone (OHL) has been shown to be produced by 
V.flscheri (Kuo et al., 1994). The gene required for the synthesis of OHL is the ainS gene, whose 
gene product exhibits no significant similarity with Luxi (Gilson g/ a/., 1995). Even though OHL 
can weakly activate LuxR in Im l  mutants, its function is more likely to be that of a competitive 
inhibitor, suppressing OHHL and OOHL-mediated lux operon induction until cells have attained a 
higher population density (Eberhard et a l, 1986; Kuo et al., 1996).
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Pseudomonas aeruginosa is an opportunistic pathogen that mainly infects individuals who are 
immunocompromised, such as patients with cancer or AIDS and people with cystic fibrosis, where 
the organism causes a chronic pulmonary inaction (Brint & Ohman, 1995). A major contributor to
the pathogenecity of P. aeruginosa is its ability to secrete numerous toxins and degradative 
enzymes when at high cell density. This corresponds to the tactic being employed by 
microorganisms in order to increase infectivity, launching a rapid and concentrated attack on the 
host’s defense systems only after having reached a high cell density. The genetic basis for this 
growth-phase regulation was uncovered with the discovery of two genes in P. aeruginosa: lasR and 
lasi that share a significant homology to the luxR and luxi genes of V.flscheri (Gambello & 
Iglewski, 1991; Passador et al., 1993). In P.aeruginosa, the Luxi homologue, LasI, was identified 
as being responsible for the synthesis of iV-(3-oxododecanoyl)-L-homoserine lactone (PAI-1) and 
the LuxR homologue, LasR, was found to respond to PAI-1 synthesis by inducing the transcription 
of genes producing the exoenzyme elastase {lasB), alkaline protease (apr), exotoxin A {toxA) and 
PAI-1 synthase {lasi) (Gambello & Iglewski, 1991; Toder et al., 1991; Gambello et al., 1993; 
Pearson et al., 1994; Seed et al., 1995).
A second quorum-sensing system discovered in P.aeruginosa, revealed that quorum sensing in the 
particular organism involves a rather more complex system than initially expected. This is the rhl 
system that consists of the transcriptional activator, RhIR, and an autoinducer synthase, RhII. The 
later directs the synthesis of iV-butyryl-L-homoserine lactone (PAI-2) (Pearson et a i, 1995). The 
RhlR/PAI-2 complex formed regulates the expression of rhlAB, an operon coding for rhamnolipid 
production, lasB, aprA and the expression of the stationary-phase sigma factor RpoS (Ochsner et 
a i, 1994; Brint et al., 1995; Latifi et al., 1995, 1996; Pearson et al., 1995; Winson et al., 1995).
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Even though LasR and RhlR share structural similarities no significant interchangeability occurs 
between the two quorum systems. The LasR protein is not activated by PAI-2 and in the same way, 
RlhR shows very low levels o f activation by PAI-1 (Pearson er a/., 1997). The high specificity o f
R proteins, as far as the AHL is concerned, can be further seen in gene activation, where genes 
activated by one system are only slightly activated by the other. This indicates the presence of 
specific recognition sites that determine the quorum-sensing system required for induction 
(Pearson gf a/., 1997). Nevertheless, the two quorum systems are known to link to each other with
the las system being the dominant system. rhlR and rhll are positively regulated by the las system 
(Latifi et al., 1996; Pesci et al., 1997) while PAI-1 competes with PAI-2 for RhlR binding, 
indicating that PAI-1 acts as an antagonist of the rhl system (Pesci et a l, 1997).
Quite recently, a third autoinducer molecule has been discovered in P. aeruginosa that bears no 
structural similarity to the other two molecules and adds to the complexity of quorum sensing in 
P.aeruginosa (Pesci et al., 1999). This has been identified as a 2-heptyl-3-hydroxy-4-quinolone 
(PQS) and even though its role in P.aeruginosa quorum sensing, virulence and reaction with the R 
protein have not yet fully understood, initial studies have revealed that it is involved in lasB 
expression and that RhlR is required for PQS activity although its expression is under the control 
of the las system (Pesci et al., 1999; McKnight et al., 2000).
In Burkholderia cepacia (previously known as Pseudomonas cepacia), luxR and lia l  homologs 
have been identified, called cepR and cgp7 respectively (Lewenza et ah, 1999). A first indication of 
the presence of a quorum-sensing system in B.cepacia was revealed when there was a twofold 
increase in protease synthesis and a sevenfold increase in siderophore production after 
P.aeruginosa spent media were added to cultures of B.cepacia (McKenney et al., 1995). Further to 
this, patients colonized with B. cepacia, were also infected with P.aeruginosa, raising the
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possibility that enhanced pathogenecity of B.cepacia results from an interspecies communication 
with P. aeruginosa mediated by AHL. In this way, B. cepacia represents an example of an organism 
that regulates its own pathogenecity partly based on the energy expenditure of other bacteria and 
forms an example of interspecies communication between microorganisms.
Erwinia carotovora also processes LuxR and Luxi homologs, named as ExpR and Expl 
respectively (Jones gf a/., 1993; Pirhonen g/ a/., 1993). is a Gram-negative
enterobacterial plant pathogen that causes soft rot in a variety of plants. During plant tissue 
invasion it produces a variety of enzymes (cellulases, proteases, pectinases) used in the enzymatic 
digestion of the plant cell wall. Exoenzyme production occurs only when a sufficient bacterial 
population density has been developed so that plant tissue destruction and thereafter, evasion of 
plant defence mechanisms are successfully completed in a quorum-sensing regulating manner. 
ExpR and Expl are shown to control the expression of the tissue digesting enzymes although the 
role of ExpR/AHL (A-(3-oxohexanoyl)-L-homoserine lactone) complex in exoenzyme production 
has not yet fully described. A second quorum sensing system has also been described in 
E. carotovora that controls the synthesis of the broad-spectrum antibiotic carbapenem through the 
gene products of carR and carl (Bainton et a l, 1992; Chhabra et a l,  1993; McGowan et a l,  1995). 
It is thought that this antibiotic might be targeted at competing pathogenic and saprophytic bacteria 
to reduce competition for the newly acquired nutritional sources released by degradation of the 
plant tissues following an Erwinia plant infection. Carl catalyzes the synthesis of iV-(3- 
oxohexanoyl)-L-homoserine lactone and when sufficient levels of the latter have accumulated, it 
binds to and activates the CarR protein, which subsequently, induces the expression of the 
carbapenem biosynthetic enzymes (Bainton et al., 1992; Chhabra et al., 1993; McGowan et al., 
1995).
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The list o f bacteria that use N-acyl-homoserine lactone mediated quorum sensing systems has 
grown rapidly over the years. However, until now no evidence has been put ffirward on the
presence of such quorum sensing systems in Escherichia coli and Salmonella Typhimurium. A 
recent report suggests that several strains o f co/f and Typhimurium were
shown to produce an autoinducer molecule similar in activity to the second autoinducer system 
(AI-2) in KAarvgyz, whose structure and biosynthetic gene(s) have not yet been reported (Surette 
gf a/., 1999). Evidence has suggested that unlike other well-described quorum sensing systems, the 
AI-2 signal in Escherichia coli and Salmonella Typhimurium is degraded upon entrance into the 
stationary-phase. Its production and degradation were influenced by factors such as pH and 
osmolarity: low pH and high osmolarity enhanced autoinducer production while neutral pH and 
low osmolarity induced its degradation. AI-2 synthesis was also dependent on the carbon source 
(Surette et a l, 1999). Analysis of the gene responsible for AI-2 production in Escherichia coli. 
Salmonella Typhimurium and V  harveyi, revealed the presence of a highly homologous gene in all 
three organisms whose gene product(s) was responsible for AI-2 production. Those genes were 
named as I u x S v h ,  Iu x S e .c  and luxSs.t for V harveyi, E.coli and Salmonella Typhimurium 
respectively and their exact functions have yet to be determined. This might prove a real challenge 
since those genes do not bear homology to any other known gene taking part in autoinducer 
production (Surette et a l, 1999).
While for two members of the Enterobacteriaceae, Escherichia coli and Salmonella Typhimurium, 
an N-acyl-homoserine lactone mediated quorum sensing has not yet been detected, AHLs have 
been found in other Æ^rgmAacrgr/aggag strains, including fgz-.yrnzar gwrgmgo/frzga (Throup gf a/.,
1995), E»rgro6ü[gfgr agg/o7MgraM.y (Swift g^  a/., 1993) and a/vgz (Swifl gr a/., 1993) without
however determining the phenotypes regulated in each case. To date, the most commonly detected 
signalling molecule detected in the E»rgro6agfgrz6Zggag, is the A^(3-oxohexanoyl)-L- homoserine
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lactone (OHHL) previously described to regulate carbapenem and exoprotease production in 
Æcamrovom. A very recent study has revealed that other types of AHL molecules were produced 
by psychrotrophic members of the isolated from food, raising the issue of
AHLs being implicated in phenotype regulation in fr)od spoilage (Gram gr a/., 1999).
2.2.2 N-acyl-Homoserine Lactone-Independent Quorum Sensing Systems
Intercellular communication is not an exclusive property of the Gram-negative bacteria and neither 
are N-acyl-homoserine lactones the only molecules mediating quorum-sensing systems in bacteria. 
In Gram-positive bacteria, small peptides or amino acids constitute the signalling molecules that 
are secreted by an ATP-binding cassette (ABC) exporter and are recognized by the input domain 
of a sensor conqx)nent of a two-con^nent signal transduction system. Such a system consists o f a 
sensor and response-regulator protein that employs phosphorylation as a means o f transferring 
information and constitutes a major mechanism of signal transduction in bacteria that mediate 
changes in cell physiology as a result o f environmental changes (Stock et a l, 1989).
In Gram-positive bacteria quorum-sensing systems are used to regulate the development of 
bacterial competence (in RaczZ/zty and .S^ P-gprocoggw.y /?»gw7Mo»zûrg), coiyugation (in
Ewrgmgoggwf yhgga/f.y), virulence (in 5"fqp/zy/ogoggwj^  azzrgwf) and bacteriocin production in lactic 
acid bacteria (Kleerebezem et al., 1997; Kuipers et al., 1998; Novick & Muir, 1999). Neither of 
the cell-density dependent regulatory processes previously mentioned nor any other regulatory 
processes, currently known in Gram-positive bacteria, involve an N-acyl-homoserine lactone-type 
molecule in combination with the LuxI/LuxR related two-con^nent system. The only exception 
could be y-butyrolactones, homologues o f AHL, which constitute the key regulatory molecules 
used by 5"/7"gpfomyggj species to control production of antibiotics and antibiotic resistance (Bibb,
1996) and aerial mycelium (Nodwell & Losick, 1998).
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2.2.3 Quorum Sensing And Stationary-Phase Adaptation
As previously mentioned (Section 2.2.1), the quorum sensing in P.aeruginosa is involved in the 
regulation of a number of exoproducts most of which are produced maximally during entrance into 
the stationary-phase. Furthermore, it has well been established that on entry into the stationary- 
phase, Gram-negative bacteria develop multiple stress resistances that fall under the control of the 
stationary-phase sigma factor, RpoS, whose intracellular levels increase significantly as the 
organism enters the stationary-phase (eg. Hengge-Aronis, 1993). A first hypothesis on how the cell 
senses the onset of starvation was given by Huisman & Kolter (1994), who suggested that 
homoserine lactone (HSL), accumulated intracellularly, acts as the starvation signal leading to 
rpoS transcription. It has been suggested that HSL acts as an intracellular signal but it is possible 
that an unidentified enzyme may convert it to an AHL, or even a second system may produce 
AHL, which could act intercellularly to activate rpoS expression by a mechanism similar to that of 
HSL.
The first direct evidence linking cell-density dependent signalling systems with rpoS regulation 
and stationary-phase adaptation was provided by the finding that the second quorum-sensing 
system discovered in P.aeruginosa, RhIR/PAI-2, is implicated in the induction of rpoS expression 
(Latifi et a l, 1996). Furthermore, the presence of a catabolite repressor protein (CRP) binding site 
upstream of lasR (Gambello et ah, 1993) and the known involvement of cAMP-CRP in rpoS 
transcription (Lange & Hengge-Aronis, 1994) constitutes a further link between rpoS expression 
and quorum sensing. In P. aeruginosa mutants defective in AHL production, expression of rpoS 
was prevented, while in E.coli TGI, used as a non-Pseudomonas heterologous comparative 
organism in the same study, the absence of either regulatory proteins (LasR or RhlR) resulted in a 
minimal expression of rpoS. Introduction of the rhlR gene in E.coli TGI strain, could significantly 
increase rpoS expression only in the presence of iV-butanoyl-L-homoserine lactone (PAI-2
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autoinducer molecule), while a minimal, non-significant increase in rpoS expression was observed 
when instead of rhlR, lasR gene was inserted with or without the addition of A-(3-oxododecanoyl)- 
L-homoserine lactone (PAI-1 autoinducer molecule). Clearly, results showed that RhlR activated 
by PAI-2, functions as a transcriptional activator of rpoS in E.coli (Latifi et al., 1996). Further on, 
in E.coli, a LuxR homologue, SdiA has been shown to down-regulate the expression of the ftsQAZ  
cluster of essential cell division genes (Sitnikov et al., 1996). Those genes are regulated by two 
promoters: one is RpoS-regulated and the other is regulated by SdiA providing therefore, further 
evidence that links both RpoS and a quorum-sensing system with cell-growth cessation. The 
transcription of the sdiA gene is not induced by the SdiA protein but by a still unidentified factor 
released in the medium, raising the possibility of the existence of a second LuxR homologue that 
mediates the effect of this extracellular factor on the expression of the SdiA. In this way, even 
though no Luxi homologue or AHLs have been identified in E.coli, strong evidence suggests that a 
quorum-sensing system, similar to that of P.aeruginosa, does exist in E.coli that apart fi-om growth 
cessation mediates the regulation of other cellular functions (Sitnikov et al., 1996).
2.3 Aim of Project
The aim of this work is to examine the heat sensitivity of Salmonella Typhimurium and the 
circumstances under which the thermal resistance of exponential-phase cells can be increased. In 
particular, it is looking at the molecular basis of any adaptive response, which increases heat 
resistance and the possible role that signalling compounds might play in such an increase.
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3.0 Description of Thermal Inactivation Kinetics in Salmonella
3.1 Aim
The aim of the work presented in this chapter is to demonstrate the thermal inactivation kinetics of
Salmonella Typhimurium using the open system inactivation procedure and to determine the 
sensitivity of the organism to various anaerobic enumeration methods.
3.2 Summary
The thermal inactivation of microorganisms has been generally described using first-order reaction 
kinetics and D-values. While on a theoretical basis this approach is not justified, the idea that the 
thermal death of bacteria is exponential has remained very attractive to bacteriologists mainly 
based on convenience, despite the abundance of research work that suggests deviations fi-om log- 
linear death to occur in both vegetative and spore-forming organisms (Moats et al., 1971).
In order to determine the nature of thermal inactivation kinetics of microorganisms it is important 
to adopt a method that is fi-ee fi-om methodological artefacts. In our studies, the death of stationary 
and late exponential cells of & Typhimurium was measured at three different temperatures: 55, 57 
and 60°C in a simple laboratory medium. The adoption of the stirred fiask method gave artefact- 
fi-ee survivor curves for both cells types and at all investigation temperatures.
Stationary phase cells were more heat resistant than exponential cells using aerobic recovery and
enumeration conditions. Although several studies have indicated anaerobic recovery to better
support the growth and repair of heat-stressed cells, our results agree with those that suggest the
eflectiveness o f recovery methods to be mainly dependent on the organism being enumerated. In
this work, anaerobic recovery employed the thioglycollate overlay and anaerobic jar incubation to
recover heat-stressed stationary and exponential cells of 5'. Typhimurium. The results showed that
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cell recovery was not enhanced in either case. The use of more strict anaerobic enumeration 
methods, not widely employed, was also unable to enhance cell recovery.
3.3 Introduction
A generally accepted view among microbiologists is that thermal death of micro-organisms, at a 
given temperature, is exponential with time ffirming the basis o f thermal process calculations used
in food processing (Moats, 1971). However, deviation from the log-linear behavior has been 
reported in both vegetative and spore-forming bacteria and is characterized by a shouldered curve, 
with a slow initial death rate, or tailing due to a subpopulation of cells that are more heat resistant 
(Cert 1977).
Deviations from log-linear death are often considered as artefacts introduced by the experimental 
procedures used to determine thermal inactivation rates (Moats et al., 1971). According to Stumbo, 
(1973) these are divided into two categories: the closed system and the open system approach. In 
the closed system approach a cell suspension is divided into a number of samples that are held in 
appropriate vessels. These are heated and individual vessels are then removed at pre-determined 
intervals for enumeration of survivors. According to this approach, each sample vessel must be 
considered as an individual population within the same heating environment. Small volumes have 
to be employed to minimize heating and cooling lags thus making low-level enumeration almost 
impossible. In the open system approach, there is a single heated microbial suspension from which 
samples are taken periodically at pre-determined intervals. This approach allows large sample 
volumes to be obtained while its disadvantage lies in sampling being limited to one entry point into 
the heating menstruum. Repeated sampling may transfer aerosols to areas of the apparatus 
operating at a lower temperature thus, enhancing survival. Both approaches have been widely
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en^loyed and deviations from the log-linear kinetics have been observed in both (Moats ef ar/.,
1971; Donelly et a i, 1987; Ellison et a l, 1994; Teo et a l,  1996).
The method used to recover viable organisms is one that can afreet the measured thermal
inactivation of bacteria. A number of reports have shown that the measured heat resistance is 
higher if anaerobic (reduced) conditions, rather than aerobic (oxidized) conditions are used for 
enumeration. The effect of aerobic and anaerobic conditions during growth, heating and recovery 
on bacterial thermal inactivation has been well documented (Murano and Pierson 1992, 1993;
Xavier and Ingham 1993; Blackburn et a l, 1997; George et a i, 1998; Bromberg et a l, 1998). In 
the study of George et a i, 1998, cells of E.coli 0157:H7, Salmonella Enteritidis and 
L. monocytogenes were more heat resistant when they were grown, heated and recovered 
anaerobically rather than aerobically. This was primarily due to recovery conditions while growth, 
and heating conditions had only a minor effect.
The use of strict anaerobic enumeration methods is not widely practised in food microbiology and 
thus, simplified anaerobic enumeration methods can be generally employed. These involve the 
overlay of plates immediately after spreading with fluid thioglycollate agar or the use of the 
anaerobic jar in which anaerobic conditions are obtained using gas generating kits. Improved 
anaerobiosis can be obtained by pre-reduction of agar plates stored in the anaerobic chamber for 
about 5 days instead of using reducing compounds such as cysteine hydrochloride (Xavier and 
Ingham 1993, 1997; Ugborogho and Ingham 1994).
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3.4 Materials and Methods
The heat resistance of stationary and late exponential cells o f Typhimnrium was
measured in Nutrient broth (NB) at three different temperatures: 55, 57 and 60**C. Cells heat 
challenged at 55°C, were recovered by using four difrerent enumeration methods: 1) aerobic
plating and incubation; 2) spread-plating and an overlay of fluid thioglycollate medium plus 2% 
agar followed by aerobic incubation; 3) anaerobic jar enumeration method and 4) strict anaerobic 
enumeration method.
3.4.1 Organism Maintenance and Resuscitation
Salmonella Typhimurium (GpB 1.4.5.12:11.2) taken from the University of Surrey collection, was 
stored frozen in bead vials (Protect; Technical Service Consultants Ltd, Heywood, Lancashire, 
UK) at -70°C and resuscitated to ca. 10  ^ cfu/ml in 10ml of Nutrient broth (NB; Unipath UK Ltd, 
Basingstoke, Hampshire, UK) incubated statically at 37°C for 24h.
3.4.2 Heat Challenge Protocol
3.4.2.1 Preparation of Cell Inoculum
Resuscitated cultures were diluted tenfold in maximum recovery diluent (MRD; Unipath UK Ltd, 
Basingstoke, Hampshire, UK) for the inoculation of pre-warmed (to 37°C) 100ml NB, to give 
initial suspensions of approximately 1 cfu/ml. These broths were incubated without shaking at 
37°C for two different periods: after 18h at 37°C the population of cells was in stationary phase 
while after 8.5h at 37®C cells were in the late exponential phase, as determined by previous growth 
curve studies. They were then immediately centrifuged (6,500 x g for 20 min at 20°C) and 
centrifuged cell pellets were finally resuspended in 1ml fresh NB.
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3.42.2 Heat Challenge
One ml of each cell concentrate was added to 50ml of NB held at 55, 57 or 60°C, using a water 
bath, in a plugged 100ml flask. The flask contents were stirred via a magnetic flea, propelled by a 
custom-made 12 V d.c. submersible stirrer operating at 60 rpm to minimize vortex formation. The 
external water bath level was maintained at the neck of the flask, approximately 5 cm above the 
level of the heating medium at all times and polypropylene spheres were employed to reduce 
evaporation. Temperature regulation was provided by a Haake DC-1 circulator heater (Fisons 
Scientific Equipment, Loughborough, Leicestershire, UK). An uninoculated control flask 
containing a NAMAS certified probe and digital indicator (Pt 100 probe and Series 268 indicator; 
Anville Instruments, Camberley, Surrey, UK) was used to monitor the heating vessel temperature 
and the circulator correction factor was set accordingly to give an accuracy of ± 0.05°C.
3.4.3 Recovery and Enumeration Procedures
Samples of heating menstruum were pipetted fi-om the heat challenge flask at pre-determined 
intervals. At appropriate time intervals, a 1.0 ml sample was added directly to MRD and further 
diluted tenfold prior to 0.05ml half spread plating on nutrient agar. Neat samples were dispensed 
into glass universals (at room temperature) to cool.
All plates were prepared in duplicate and incubated at 37°C. The following combinations of 
heating/enumeration conditions were used:
3.4.3.1 Aerobic Enumeration Method
Stationary (18h; ca. 10  ^ cfu/ml) and late exponential (8.5h; ca. lO^cfu/ml) cells of Salmonella 
Typhimurium were heated at 55°C, 57°C and 60°C in NB. Duplicate spread plates of appropriate
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dilutions on nutrient agar plates were used for enumeration of surviving cells. All plates were 
incubated aerobically at 37®C for 48h.
3.4.3.2 Overlay Enumeration Method
Stationary and exponential cells o f WmoMg/Za Typhimurium were heated in NB at 55°C.
Duplicate spread plates of appropriate dilutions on nutrient agar were used for enumeration of 
surviving cells. Immediately after spreading, the plates were overlaid with 13 ml of fluid 
thioglycollate (Unipath UK Ltd, Basingstoke, Hampshire, UK) supplemented with 2% agar 
(Xavier and Ingham, 1993). The overlay was allowed to set and the plates were incubated 
aerobically at 3TC for 48h.
3.4.3 3 Anaerobic Jar Enumeration Method
Stationary and exponential cells of Salmonella Typhimurium were heated in NB at 55°C. 
Duplicate spread plates of appropriate dilutions were used for the enumeration of surviving cells. 
The plates were then incubated in anaerobic jars at 37°C for 48h. Anaerobic conditions inside the 
jars were obtained by using the BBL GasPak anaerobic system (BBL Microbiology Systems; 
Becton Dickinson and Co. Cockeysvftle, Canada). It took about 4.5h for the anaerobic conditions 
to be created in the jars as indicated by a resazurin indicator strip (Oxoid; Unipath UK Ltd, 
Basingstoke, Hampshire, UK).
3.4.3.4 Strict Anaerobic Enumeration Method
In this method, the anaerobic enumeration of surviving organisms was done by using nutrient agar 
plates (NA; Unipath UK Ltd, Basingstoke, Hanq)shire, UK) previously pre-reduced by storage in
the anaerobic cabinet for 5 days. The diluents (MRD) used for dilutions had also been stored in the
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anaerobic cabinet for the same period. The atmosphere in the anaerobic cabinet was a purified 
mixture of 10% hydrogen, 10% carbon dioxide and 80% nitrogen (Forma Scientific; model 1024,
USA). Stationary and exponential cells of Salmonella Typhimurium were heated in NB at 55°C. 
The strict anaerobic enumeration method was carried out according to the procedure described by 
Xavier and Ingham, 1993 and Ugborogho and Ingham, 1994. The headspace of the heating fiask 
was flushed with oxygen-free/nitrogen (BOC, UK) during sample withdrawal. Each sample was 
then dispensed into a 9ml pre-reduced MRD diluent taken out of the anaerobic cabinet after being 
tightly stoppered. During the transfer of the sample, the headspace of this first dilution diluent was 
flushed with oxygen-fi-ee/nitrogen (BOC, UK). Since there was a Imin interval between each 
sample withdrawal during the exponential cell inactivation, each first dilution was placed on ice 
and when all samples were withdrawn, they were immediately transferred into the anaerobic 
cabinet. Further dilutions and appropriate plating was done inside the chamber by using the pre­
reduced diluents (MRD) and nutrient agar plates that had already been stored in the cabinet for 5 
days. All plates were placed in anaerobic jars inside the anaerobic chamber and stored at 37”C for 
48h.
3.4.4 Data Analysis
For each method, three separate trials were performed. The logio of colony forming units per ml 
(cfu/ml) was calculated and the mean logio of colony forming units per ml was plotted against 
time. The mean D-value was then calculated by using the negative inverse slope of the equation 
derived fi-om the best-fit line of the mean logio data, permitting the calculation of z-values. 
Comparisons between the D-values of different methods were carried out by using the Student’s t- 
test according to Snedecor and Cochran, (1980). A significance level of R<0.05 was used in all 
statistical analysis.
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3.5 Results
3.5.1 Effect of Recovery Conditions on Thermal Resistance of A. Typhimurium
Stationary and late exponential cells of XTyphimurium were heat inactivated at 55°, 57° and 60°C 
and enumerated under aerobic conditions. Recovery and enumeration of cells heat-stressed at 55°C 
were also carried out anaerobically in three different ways. The thermal resistance obtained in each 
case was compared with that of aerobically recovered and enumerated cells.
3.5.1.1 Aerobic Cell Recovery
The thermal resistance of X Typhimurium cells was measured in nutrient broth at three different 
temperatures. For this preliminary experiment, aerobic recovery and enumeration of cells was 
employed serving as a control experiment. The thermal resistance of stationary cells was 
significantly higher than that of exponential cells in all three inactivation temperatures (Table 3.1). 
The difference in the resistance between exponential and stationary cells decreased as the 
inactivation temperature increased.
Table 3.1 D-and z-values for X Typhimurium cells using aerobic recovery and enumeration, 
together with respective correlation coefficients (R^) at each temperature investigated.
Stdtiomiry cells (IHh) IaUc exponential cells (H.3h)
z-value (°C)
D-value (min)* 
e.7.18 ± 0.02 
2.52 + 0.16, 
0 .2010.02  
3.16
0.9942
0.9973
0.9949
0.9828
" X - _
D-valueJ^min)^ 
1.11 ± 0.01 
0.3010.01 
0.0910.01 
4.66
R^
0.9968
0.9970
0.9964
0.9771
’Meau ± SD (Mean ol i  trials)
The mean survivor curves for both stationary and exponential cells inactivated at all three 
temperatures showed excellent linearity as shown on Figure 3.1 and in the calculated correlation 
coefficient (R^) values. The results also showed good reproducibility as indicated by the standard
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deviation of D-values obtained from three replicate experiments. The z-value of stationary and 
exponential cells was calculated by plotting the logio of the mean D-values against temperature 
and calculating the reciprocal of the slope of the best-fit line. The z-value of stationary cells over 
the three investigation temperatures was equal to 3.16°C (R  ^= 0.9828). The z-value of exponential 
cells over the same range of temperature was higher than that of stationary cells. With a lower 
correlation coefficient (R  ^ = 0.9771) than stationary cells, the z-value of exponential cells was 
equal to 4.66°C.
3.5.1.2 Anaerobic Cell Recovery
The thermal resistance of X Typhimurium cells at 55°C recovered anaerobically was not different 
from that obtained under aerobic recovery conditions (Table 3.2). The use of the anaerobic jar 
enumeration method did not result in enhanced survival of heat-stressed stationary and exponential 
phase cells of Salmonella Typhimurium and neither did the use of the thioglycollate overlay on 
spread nutrient agar plates. The use of stricter anaerobic methods also proved unsuccessful in 
enhancing the survival of cells in both growth phases at 55°C. As in the control trials, the mean 
survivor curves for exponential and stationary phase cells following all the anaerobic enumeration 
methods showed good linearity (Figure 3.2)
Table 3.2 Mean Dss-values for X Typhimurium cells using anaerobic recovery and enumeration 
methods, together with respective correlation coefficients (R^).
Recoveiy/Enumeration D-value (min)* D-value (min)* R^
p  Anaerobic ja r 7.22 ± 0.04 0.9967 1.1410.01 0.9973 ^
Overlay 7.191 0.08^ § " 0.9989 1.1210.02 0.9986
Strict anaerobic 7.121 0.05 0.9986 1.10% 0.02 0.9976
^Mean ± SD (Mean of 3 trials)
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Figure 3.2 Mean survivor curves for the thermal resistance of 5'.Typhimurium a) stationary and b) 
late exponential cells in NB at 55°C using the anaerobic jar, thioglycollate overlay and strict 
anaerobic enumeration method. Error bars indicate the standard deviation of the mean data.
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3.6 Discussion
y\ccorchiy; to Plumpdiescui ef (15)98), tlie rnetliodkalog i^csil zurksfacts of a Ixxituig fwotocol czui 
lia\%; zui exiorrnous efGsct ()n liie sdiapK; olT SMifh/or curiHss. TTaiUry) cLeviatwDrB frorn Grst-oixier 
iiuictfyatior^ (often ol)serv%%i zus zi resiik (of (SKpwanfrKsntal (lüficidties (iniing; thaiiüil ûaacürvzüic»! 
assessments, have been found in a range of micro-organisms and under a variety of experimental 
teclmiques (Pdaats ef ar/., 15T71; SItumbo 15)73; I)cmneUy ef 15W7; (:cHid()n ef a,/., 15)92; (:ole 
a/., 1993; Fujikawa gf a/., 1996).
In this work, the stirred flask method was employed for the thermal inactivation assessment of 
& Typhimurium. This is a simple to use method that does not require expensive equipment. The 
magnetically driven stirring device ensures uniform temperature distribution so that all cells in the 
heating menstruum receive similar heat exposure. Slow stirring avoids excess vortex formation in 
the medium leading to the travel of cells up the sides of the heating vessel to lower-temperature or 
arezus. !Su(di ccdls magf surinbne aiwi recxorüzuaiuiate the liezAiry? nieruüniuir^ leadhig to tzuls in the 
survivor curves. The stirred flask method also allows for relatively large volumes of heating media 
to be employed in comparison to inoculum size thus eliminating the cooling effect of the 
inoculum.
/I FKoterüial (iisacb/antzyre (of thie stinnsd Ozudc iTKd:lio(i im/olves sairqpk; \vithcin&vval froin a shigfe 
o])erurys. Slirice Idie flaslc fHxytocial c%mrK)t tx: cqperzükxi zis a coiiqpletely swbrrKargecl luih, tliere is 
zdvvays idie p()tential for ccintarninatioii of the inecdc arwi pdujg ol^tlx; fkudc chirüig irKicrdation zind 
sampling. These regions can serve as a possible route 6)r under-heated contaminants to re-enter the 
system, manifesting themselves as tails in the survivor curves.
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According to Moats et a l, (1971) and Cerf (1977), shoulders and/or tails are considered to be 
artefacts derived by limitations of the experimental procedure employed. Clumping of cells is 
considered the main cause of shoulders with vegetative cells (Stumbo, 1973). To avoid clumping, 
high concentration inocula should not be used. It is also important to achieve instant heating of the 
cells during inactivation, particularly when high temperatures are employed. The addition of the 
inoculum in the heating menstruum can reduce the temperature in the vessel and the equilibration 
to the investigation temperature, known as the 'come-up' time, will result in an initially lower heat 
exposure. The fact that no shoulders were obtained in the survivor curves of our study indicates 
that first, the inoculum concentration used, maximum 10  ^ cfu/ml, did not create clumps and 
secondly, even at the highest challenge temperature, 60”C, ‘come-up’ times were not significant 
due to the low inoculum-heating medium ratio.
These results suggest that the stirred flask method can be an artefact-free heating protocol, and that 
the absence of deviations fi*om exponential death rates can be explained either by assuming 
complete cell homogeneity with regard to heat resistance or by the monomolecular theory (Moats 
et a l, 1971). A lot of experimental work has shown that the first case is very unlikely. The 
monomolecular theory suggests that thermal death of bacteria occurs fi-om inactivation of a single 
molecule or critical site per cell. However, various studies on recovery of heat-inactivated cells 
using different recovery media have shown that such a theory may be a simplification (Moats et 
a A ,1971).
The age o f  the culture may not only afkct the shape o f the survivor curves (White, 1953; Lemcke 
et a/., 1959; Beuchat et a/., 1968) but also the heat resistance of microorganisms. It has been 
widely accepted that cells in the stationary phase are more resistant to various stresses than cells in
the exponential phase (eg. Lemcke & White, 1953; White, 1953; Palumbo et a/., 1987).
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In our study, exponential cells o f  &Typhimurium showed the greatest heat sensitivity at all three 
temperatures with D-values significantly lower than those o f  stationary cells. This efk ct has been 
explained on the basis o f Thermolabile synthetic mechanisms in rapid growth' by Kenis & Morita 
(1968) where replication o f chromosomal DNA and rapid turnover o f cellular materials may con6r 
a particularly heat sensitive state. An alternative explanation is the 'suicide response' proposed by 
Dodd gr a/., (1997) suggesting that it is not heat that is destructive towards rapidly growing cells 
but the organism's response. According to this theory, in rapidly dividing cells heating disrupts the 
growth cycle but not the high metabolic activity which carries on as normal. This results to an 
imbalance between anabolism and catabolism and to the burst o f fiee radicals generated by higher 
catabolic activity. It is that burst o f  fi^ ee radicals and not the stress itself that causes death in rapidly 
dividing cells. On the other hand, stationary phase is characterized by the expression o f  genes that 
allow the cells to adapt to stresses, protecting them against protein dénaturation, fi^ee-radical and 
DNA damage thus, rendering them highly resistant. This role of oxidative damage generated from 
within the cells themselves could provide for a rational approach to the design of recovery 
procedures following inimical processes.
The ef&ct o f  recovery conditions on the thermal resistance o f  microorganisms is well established 
(Martin gr a/., 1976; Dallmier gf a /., 1988; Murano and Pierson 1992, 1993; Xavier and Ingham 
1993; Gadzella g/ a/., 1994; Knabel gf a/., 1995, 1990; Patel gr 6z/., 1995; Blackburn gr ai/., 1997; 
George and Peck 1998; George gf ür/., 1998; Bromberg gf a /., 1998). Following heat treatment, 
some o f a bacterial population is killed while some cells may survive in an injured state. Enzymes 
such as catalase and superoxide dismutase that enable the cells to scavenge highly reactive oxygen 
radicals can be afkcted by heat injury to various extents. The inability o f  some iigured cells to 
recover after a heat treatment has been mainly attributed to the absence of active oxygen 
scavengers.
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Aerobic incubation used to enumerate survivors following heat treatment might not therefore 
detect injured cells unable to deal with radicals produced spontaneously during aerobic incubation. 
Thus, several authors have suggested that increased survival o f injured populations is obtained by 
using anaerobic recovery conditions. Such conditions can be accomplished in various ways 
showing difkrent extents o f  recovery. In our study, anaerobic recovery conditions were obtained 
by three methods, each more rigorous in its exclusion o f  oxygen.
The recovery of heat-treated cells of &Typhimurium was not enhanced by any anaerobic recovery 
method used. The failure of the anaerobic jar method to enhance cell recovery has been widely 
attributed to the time taken for anaerobic conditions to be generated inside the jar (Gadzella & 
Ingham, 1994). In our study, it took about 4.5h for the gas generating kit to create an anaerobic 
environment. It may be that this aerobic period of incubation inside the jar could be inhibitory for 
the cells if we accept that their catalase and superoxide dismutase had been inactivated during 
heating. Longer incubation (96h) did not enhance recovery either (data not shown). In the work of 
Gadzella & Ingham (1994), use of the anaerobic jar method enhanced recovery of nonpathogenic 
E.coli however, not always to a statistically significant extent. The difference between mean D- 
values was only statistically significant at the higher inactivation temperature of 56”C. Ugborogho 
& Ingham (1994) found a difference between recoveries of two strains of S. aureus using the 
anaerobic jar method. With one strain the anaerobic jar method allowed repair to occur after heat 
injury, leading to significantly increased D-values compared with aerobic recovery. The other 
strain, however, was injured to such an extent that repair could not be supported by the anaerobic 
environment and thermal resistance was not significantly higher than that obtained from aerobic 
recovery.
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The thioglycollate overlay has been widely used as an easy, inexpensive method of anaerobic 
recovery. The rational behind its use is based on its ability to physically exclude oxygen and for L- 
cysteine and sodium thioglycollate to provide reducing conditions (Xavier & Ingham, 1993; 
Gadzella & Ingham, 1994). According to Nelson (1944), the growth of heat-injured facultatively 
anaerobic microorganisms was enhanced in reduced media. Our results showed that neither the 
exclusion of oxygen nor the decreased redox potential of the recovery medium were able to 
enhance recovery of 5'.Typhimurium. Ugborogho & Ingham (1994) found that the use of the 
thioglycollate overlay enumeration method did not enhance the survival of heat stressed S. aureus. 
They attributed this effect on the sensitivity of the S. aureus strains used to the reducing agent in 
the overlay. Previous experiments with the same strains had also showed that both grew very 
poorly on nutrient agar plates that had previously been pre-reduced with the addition of cysteine 
hydrochloride. Gadzella & Ingham (1994) also found that the thioglycollate overlay led to low 
recovery of E.coli on spread nutrient agar plates. However, with pour plates, the D-values were not 
significantly affected. This may be due to the fact that in a pour plate, not all cells are exposed to 
the thioglycollate medium. The results of Xavier & Ingham (1993) on the other hand, support the 
use of thioglycollate enumeration method. They found the recovery of heat-stressed <S.Enteritidis 
was significantly enhanced after overlaying spread nutrient agar plates.
Strict anaerobic enumeration methods can be employed by the pre-reduction of heating and
recovery media and by using anaerobic chamber for dilutions and plating and oxygen-free gases to
maintain anaerobic conditions during sample withdrawal. Pre-reduction of agar plates by storage
inside anaerobic cabinets by Ugborogho & Ingham (1994), showed the highest recovery of
among all the enumeration methods employed. In our work however, cell recovery was
not enhanced by these methods. According to Xavier and Ingham (1997), the effectiveness of an
anaerobic method can vary according to the organism being enumerated. Ugborogho & Ingham
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(1994) ft)und that the strict anaerobic method was elective ft)r one strain of but not ft)r
the other when they used a non-reduced heating medium, as in our case. However, pre-reduction of 
the heating medium by the addition of cysteine hydrochloride coupled with strict anaerobic
enumeration method did prove effective for the recovery of both the S. aureus strains.
Our results showed that with the Salmonella strain used and under the particular experimental 
conditions, any iiyury to catalase or superoxide dismutase was insufhcient to impair recovery
under aerobic conditions. Therefore, anaerobic recovery methods need not be employed in future 
experiments where cells are heat-stressed under various conditions.
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4.0 Search for a Cell-to-Cell Communication System in Salmonella
4.1 Aim
The work described in this chapter is the first of a series of experiments towards the detection of a 
cell-to-cell communication system in Typhimurium. The aim was to test whether
cells produce a signalling molecule during growth or heating that resembled the acyl
homoserine lactone-type signalling compounds identified in other Gram-negative organisms. The 
idea was that if such a signalling molecule did exist in Salmonella, then its presence in a high cell- 
density heat resistant stationary-phase population could transform an otherwise heat-sensitive low- 
density exponential cell culture of & Typhimurium into a heat resistant population.
4.2 Summary
Stationary-phase cell (c«. 10  ^ cfu/ml) cultures of Salmonella Typhimurium were heated at 55°C 
before an exponential cell concentrate of the same organism was introduced and inactivated, and 
its thermal resistance determined. When the culture was heated for longer than 40-minutes, the 
thermal resistance of the added exponential cells was markedly decreased (time at 55°C for a 5D 
reduction was 17min respectively in a 40-min heated culture and 5.5min in a 50, 60, and 70-min 
heated culture). Exponential phase cultures heat-treated for the same periods at 55°C before 
reinoculation could not protect a second batch of exponential cells against thermal death (time at 
55°C for a 5D reduction was 5.5min).
The protective properties of a heated stationary phase-cell culture were not the result of a 
component released late during cell growth or released by cells during heat-treatment. They were 
the result o f the combined efiect o f the high cell density (over ca. 10^  cfu/ml) and heat-treatment at 
55°C (up to 40-minutes) creating a low redox potential before addition of exponential phase cells.
63
Chapter 4 Search for a Cell-to-Cell Communication System in Salmonella
Irrespective of cell density, prolonged heat-treatment of cultures at 55°C increased their redox 
potential and abolished their protective properties.
The cell concentration-dependent shift in redox potential was correlated with the change in percent 
dissolved oxygen during heat-treatment of diftkrent in cell density stationary phase cell cultures at
55®C. Dissolved oxygen and redox potential followed an identical pattern of change at 55°C. The 
liigher the concentration of stationary cells heat-treated for 40-min at 55°C, the lower the oxygen 
concentration and the lower the redox potential. Protection against thermal death could be the 
result of protection against oxidative damage. However, manipulation of redox potential using 
oxidizing or reducing agents showed that the thermal resistance measured was not a result of the 
dissolved oxygen present but of the effect of oxygen on the redox potential.
4.3 Introduction
Bacteria secrete small molecule pheromones that accumulate outside the cell. These pheromones 
or hormone-like molecules are widely known as autoinducers that accumulate in the external 
environment as the cell population grows. Quorum sensing is the term used to describe a 
collection of mechanisms used by bacteria to monitor density. Their role is the transduction of 
environmental stimuli into gene expression and the result is the development of a phenotype 
complementary to the dominant environmental condition (Jiang et ah, 1998; Pearson et ah, 1999; 
Pesci et ah, 1999; Surette et ah, 1999).
In Gram-negative bacteria, acyl-homoserine lactone type molecules are recognized as important 
cell-to-cell autoinducers or signalling molecules. Quorum sensing systems operating via 
autoinducers have been well characterized in P.aeruginosa (Pesci et ah, 1999; Greenberg, 1999; 
McKnight et ah, 2000), while one of the best-characterized quorum-sensing systems is that of
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Vibrio fischeri. In the latter, bioluminescence is controlled by a N-(3-oxohexanoyl)-L- homoserine 
lactone (OHHL) autoinducer molecule (Eberhard et a l,  1981; Williams et al., 1992; Swift et al., 
1993; Fuqua et al., 1996). This molecule was found in a cell-free broth fi-om a high-density culture 
of Vflscheri (luminescent population) and had the ability to induce a low-density non-luminescent 
culture into a luminescent population.
The search for signalling molecules in Salmonella Typhimurium has been unsuccessful until 
recently. In 1999, Surette et a l, identified a novel autoinducer molecule in E.coli and 
& Typhimurium that bears no resemblance with the acyl homo serine lactone-type signalling 
molecules identified in P.aeruginosa or V.fischeri. Production of the novel autoinducer was 
affected by a variety of environmental factors. The signalling molecule was maximally produced 
during rapid logarithmic growth and conditions of low pH and high osmolarity.
4.4 Materials and Methods
4.4.1 Organism Maintenance and Resuscitation
Typhimurium (GpB 1.4.5.12:11.2) (University of Surrey collection) was stored fi-ozen
in bead vials (Protect; Technical Service Consultants Ltd, Heywood, Lancashire, UK) at -70”C 
and resuscitated to ca. 10  ^ cfu/ml in 10ml of Nutrient broth (NB; Unipath UK Ltd, Basingstoke, 
Hampshire, UK) incubated statically at 37°C for 24h.
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4.4.2 Heat Challenge Protocol
Resuscitated cultures were diluted tenfold in maximum recovery diluent (MRD; Unipath UK Ltd, 
Basingstoke, Hampshire, UK) for the inoculation of 100ml pre-warmed (to 37°C) NB, to give 
initial suspensions of approximately 1 cfu/ml. These broths were incubated without shaking at
37°C forlSh and 8.5h to obtain stationary (ca. 10  ^ cfu/ml) and late exponential (ca. 10  ^ cfii/ml) 
cultures respectively, as determined by previous growth curve studies.
4.4.2.1 Reinoculation of Heated Cultures
50-ml portions of stationary and exponential phase-cell cultures, prepared as previously described, 
were equilibrated to 55°C in plugged 100ml flasks in a water bath and held at 55°C for a further 
40, 50, 60 or 70 minutes before a second, freshly prepared, exponential cell concentrate was 
introduced and its thermal resistance determined (black arrow route; Figure 4.1).
In control experiments, exponential cells collected from the same 100ml culture, were inactivated 
at the same time in the water bath, in NB at 55°C.
4 4.2.2 Effect of Culture Composition
1 0 0ml of stationary and exponential phase cell cultures, prepared as previously described, were 
centrifuged twice (48,400 x g for 20min at 20°C) and both supernatant and cell pellets were 
retained. Each culture conq^onent (spent medium and cells) was used subsequently to assess its 
ability to af&ct the thermotolerance of exponential cells of WmaweZZa at 55°C.
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Figure 4.1. Schematic representation of experimental approach. The black arrow route describes 
the reinoculation of heated cultures. The coloured arrow routes describe the effect of culture 
composition on exponential cell thermal resistance.
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4.4.2.2.1 Effect of Spent Media on Thermal Resistance
50-ml volumes of spent media from stationary and exponential phase cultures, prepared as 
previously described, were equilibrated to 55°C in lOOml-plugged flasks in a water bath. 
Exponential cell concentrates from a freshly prepared culture, were added and inactivated and their 
thermal resistance was determined (green arrow route; Figure 4.1). Control experiments were 
performed using the thermal inactivation of exponential cells derived from the same freshly 
prepared culture, in NB at 55°C.
4.4.2.2.2 Cell-Contribution to Thermal Resistance
50-ml of stationary phase cell cultures were equilibrated to 55°C in 100ml plugged-flasks in a 
water bath and heat challenged for 40-min at 55°C. The flask contents were then centrifuged twice 
(48,400 X g for 20 min at 20°C) and the supernatants were then equilibrated to 55°C. Freshly 
prepared exponential cell-concentrates were then introduced and their thermal resistance was 
determined (pink arrow route; Figure 4.1).
50-ml portions of stationary and exponential phase spent media were equilibrated to 55“C in a 
water bath as before. Stationary or exponential phase-cell concentrates were then added to each 
spent medium to give final cell concentrations of ca. 10  ^ cfu/ml and ca. 10  ^ cfu/ml respectively. 
The suspensions were then heated frir 40-min at 55°C befr)re freshly prepared exponential cells 
were added and their thermal resistance determined (blue arrow route; Figure 4.1). Control 
experiments were carried out simultaneously with each separate trial. Exponential cell concentrates 
derived from the same freshly prepared exponential cell culture were inactivated in NB at 55®C.
Finally, 50-ml portions of NB were equilibrated at 55°C in 100ml plugged flasks in a water bath.
Stationary and exponential cell-concentrates were washed three times with sterile distilled water
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and introduced into NB to give a final concentration ca. of 10^  cfii/ml and ca. 10^  cfu/ml 
respectively. Cells were heat-treated fi)r either 40 or 70-min to 55°C. After each heating period, 
freshly prepared exponential cells were introduced and their thermal resistance determined (red 
arrow route; Figure 4.1). Control experiments were also perfrrmed using exponential cells from 
the same freshly prepared culture inactivated in NB at 55°C.
4.4.2.2 3 Celi-Concentration Effect
50-ml portions of stationary spent medium were equilibrated to 55°C in lOOml-plugged flasks in a
water bath. Stationary cell-concentrates, resuspended and diluted where appropriate in stationary 
spent medium, were then introduced to obtain final concentrations of ca. 10*, 10 ,^ 10  ^ or 10  ^
cfu/ml in the equilibrated spent media. The suspensions were then heat-treated for 40-min at 55°C 
before freshly prepared exponential cells were introduced and their thermal resistance determined 
(blue arrow route; Figure 4.1).
4.4.3 Heat Challenge
Centrifuged exponential-phase cell pellets were resuspended in 1ml of NB, stationary or 
exponential spent medium, depending on the heating medium to be used. For each heat challenge 
investigation, 1 ml of concentrate was added to 50ml of each different heating medium contained 
in a plugged 100ml flask pre-equilibrated to the investigation temperature in a water bath. The 
flask contents were stirred via a magnetic flea, propelled by a custom-made 12 V d.c. submersible 
stirrer operating at 60 rpm to minimize vortex formation. The external water bath level was 
maintained at the neck of the flask, approximately 5 cm above the level of the heating medium at 
all times and polypropylene spheres were employed to reduce evaporation. Temperature regulation 
was provided by a Haake DC-1 circulator heater (Fisons Scientific Equipment, Loughborough, 
Leicestershire, UK). An uninoculated control flask containing a NAMAS certified probe and
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digital indicator (Pt 100 probe and Series 268 indicator; Anville Instruments, Camberley, Surrey, 
UK) was used to monitor the heating vessel temperature and the circulator correction 6 ctor was 
set accordingly to give an accuracy of ± 0.05°C.
4.4.4 Recovery and Enumeration
Samples were pipetted from the heat challenge flask at pre-determined intervals. A decimal 
dilution series was prepared in MRD and 0.05ml half spread plates were prepared on nutrient agar.
Undiluted samples of heating medium were dispensed into glass universals (at room temperature) 
to cool. All plates were prepared in duplicate and incubated at 37®C. To enumerate time zero 
populations, representative samples of concentrates were appropriately diluted and plated prior to 
heating.
4.4.5 D-value Assessment
Thermal inactivation studies were performed at the single temperature of 55°C. For each diflerent
heating medium, heat inactivation of exponential cells of Salmonella was carried out in triplicate 
and data sets were plotted as mean survivor curves together with standard deviation error bars. D- 
values were calculated from the gradient of mean survivor curves, as described in Chapter 3. 
D-values obtained under different conditions were compared using Student’s /-test. In a single 
experiment, when the D-value obtained was compared to the control value obtained for the same 
culture in NB, then the paired /-test was used according to Snedecor and Cochran, (1980). A 
significance level of f  <0.05 was used in all statistical analysis.
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4.4.6 Relationship Between Redox Potential and Thermal Resistance
4.4.6.1 Redox Potential of Heated Cultures and Media
50-ml portions of stationary and exponential-phase cultures were equilibrated to 55°C in 100ml-
plugged flasks in a water bath and redox potential and pH electrodes were immersed in the media. 
The redox potential electrode was allowed to equilibrate for about 10-15 minutes before a stable, 
accurate and reproducible measurement was taken. The first redox measurement was recorded 
afler the culture was heated fi)r 20-minutes at 55°C (t=20min) together with the pH at that time. 
With spent media at 55°C, it took less than five minutes for the redox potential electrode to 
produce stable readings.
Both redox potential and pH measurements were then taken at 10-min intervals over a total period 
of 70-min. All redox potential values were corrected to pH 7.
4.4.6 2 Effect of Cell-Heat Treatment on Redox Potential at 55®C
50-ml portions of NB and stationary or exponential spent media were equilibrated at 55°C and 
their redox potential was recorded (t=0-min reading). Both stationary and exponential phase cell- 
concentrates were introduced, at a final concentration of ca. 10  ^ and ca. 10  ^cfu/ml respectively in 
each of the three media, and the change in redox potential and pH was recorded at intervals for a 
total period of 70-min at 55°C.
Stationary cells, appropriately diluted in stationary spent medium, were introduced into an 
equilibrated to 55®C 50-ml stationary spent medium at a final concentration of ca. 10 ,^10*, 10\ 10  ^
or 10^  cfu/ml and heat-treated for a total of 70-min at 55°C.
Recorded redox potential values at each time interval were corrected to pH 7 and presented as 
mean redox potential values together with standard deviations. These were then plotted against the 
heating period at 55®C for each medium/cell combination.
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Very small, not significant oscillations in redox potential were observed at the time when cell 
concentrates were introduced into the spent media at 55°C. However, it took less than five minutes 
before a steady signal was obtained and there&re, the efiect of cell-heat treatment on the redox
potential in different media could be monitored for the total of 70-min at 55®C.
4.4.6.3 Manipulation of Redox Potential
Dithiothreitol (DTT) and potassium ferricyanide were used to manipulate the redox potential of 
heated cultures prior to their reinoculation with a freshly prepared exponential cell concentrate. 
The redox agents were prepared under aerobic conditions, filter-sterilized and used (DTT used 
immediately after preparation).
DTT at a final concentration of 28 pmole/1 in the medium was used to reduce the redox potential 
of an exponential-phase culture heat-treated for 40-min at 55®C. At a final concentration of 20 
pmole/1, DTT was also used to reduce the redox potential of stationary-phase culture heat-treated 
for 70-min at 55®C. Potassium ferricyanide at a final concentration of 12.6pmole/l was used as an 
oxidizing agent to increase the redox potential of stationary-phase culture heat-treated for 40-min 
at 55°C. Control experiments were performed in each case.
4.4.7 Measurement of redox potential
Redox potential was measured using a platinum combination electrode and redox meter (model HI 
8424, HANNA instruments). The response of the electrode was checked in quinhydrone-saturated
buffers at pH 4 and pH 7. pH was measured using a combination pH electrode (PHP-100-03OC) 
and pH meter (Griffin model 80, PHJ-300-010G, Griffin, UK).
Redox potentials (Eh) corrected to pH 7 were calculated using the following equation:
Eh = Eobs + Eref + En (pH -  7)
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Where Eobs is the observed redox potential, E^r is the redox potential of the internal electrolyte 
(3.5M KCL silver/ silver chloride) of the electrode taken as 182.1mV, En is the Nemst potential, 
taken as 65.88mV and pH is the pH of the sample (Midgley & Torrance, 1978; George et al., 
1998).
Unless otherwise stated, redox potential values are the mean of five independent trials performed 
for each different heat-inactivation experiment and are presented together with standard deviations 
(± SD).
4.4.8 Effect of Cell-Concentration on Percent Oxygen Saturation at 55®C
An oxygen electrode was calibrated to zero in a solution of 6 % w/v sodium sulphite and to 100% 
saturation in air saturated water at 55°C, according to the manufacturer’s instructions (Type G-2 
Sterilisable Oxygen Electrode; YSI Inc. Yellow Springs, Ohio). The electrode was then immersed 
in 50ml of stationary spent medium contained in a 100ml plugged flask equilibrated at 55°C using 
a water bath. The percent dissolved oxygen of the medium was recorded at pre-determined 
intervals over 70-min holding at 55®C. Five trials were performed and mean percent values were 
plotted against holding period at 55°C.
50-ml portions of stationary spent media were equilibrated at 55°C and their percent oxygen 
concentration upon equilibration was recorded (t=0-min reading). Stationary cell-concentrates 
appropriately diluted in stationary spent medium, were then introduced to give final concentrations 
of ca. 10 ,^ 10*, 10 ,^ 10  ^ or 10  ^ cfu/ml and heat-treated for 70-min at 55°C. The changes in the 
percent oxygen dissolved in stationary spent media were recorded at pre-determined intervals over 
that period. For each different cell density, five experiments were performed. Dissolved oxygen 
percentages are the mean of five trials plotted against the heating period (min) at 55°C.
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4.5 Results
4.5.1 Reinoculation of Heated Cultures
Stationary (ca.lO^ cfii/ml) or exponential (ca.lO^ cfu/ml) phase cell cultures of
Typhimurium were heated for 40, 50, 60 or 70-min at 55°C following equilibration to the 
investigation temperature. Enumeration of survivors showed that a concentration of ca. 10^-10  ^
cfu/ml and ca. 1 0 *-10  ^ cfu/ml of stationary cells survived a 40-min and 50-min treatment at 55°C 
respectively. After 60 and 70-min at 55°C no survivors were detected. With exponential cultures, a 
heat treatment of 40-min at 55°C was enough to kill all cells in the medium. These results showed 
that there would be no interference with the enumeration of survivors from a second batch of cells 
(exponential cells) when they were added.
The thermal resistance of exponential cells was significantly higher (D55 = 3.29 min; 0.05) in a 
stationary phase culture that had been inactivated fr)r 40-min at 55°C (Table 4.1) than in NB at 
55**C. When the stationary phase culture was held at 55°C ft)r longer than 40-min, the thermal
resistance of the exponential cells subsequently added returned to control levels. The time at 55°C 
for a 5D reduction was 5.5min in cultures heated for 50, 60 and 70-min but was 17min in a 
stationary phase culture heated ft)r 40-min (Figure 4.2). No efkct on thermal resistance was 
observed when heat inactivation of exponential phase cells took place in a previously heated 
exponential-phase culture. D 5 5  values were the same as those obtained for the same cells in NB at 
55°C. In both cases, the time at 55°C ft)r a 5D reduction was 5.5min (Figure 4.3).
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Table 4.1 Dss-values for 5'.Typhimurium exponential-phase cells inactivated in stationary or 
exponential phase cell cultures (S.C.C/E.C.C) previously heated for 40, 50, 60 or 70-min at 55T, 
together with control D55 values (in NB at 55°C).
Heating 
period (min)
Dss-value Control; D 5 5 -  
(min)*  ^ value (min) * Dss-value (min)*
Control: D 5 5 -  
value (min) *
40 3.29 ± 0.07 1.11 ±0.03  ^ 1.09 ±0.04 1.08 ±0.05
50 1.17 ± 0.02 1.09 ±0.01 1.14 ±0.03 1.12 ±0.03
60 1.17 ±0.02 1.13 ±0.04 N/P 1.09 ±0.03
70 1.10 ±0.01 1.11 ±0.05 1.13 ±0.04 1.14 ±0.02
Mean ± SD (Mean of 3 trials) N/P: not performed
Survivor curves showed excellent linearity as determined by the calculated correlation coefficients 
(R )^ (Figure 4.2; Figure 4.3).
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Figure 4.2 Mean survivor curves for the thermal inactivation of exponential 5'.Typhimurium cells 
at 55”C in stationary-phase cultures previously heated for 40, 50, 60 or 70-min at 55®C.
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Figure 4.3 Mean survivor curves for the thermal inactivation of exponential & Typhimurium cells 
at 55°C in exponential-phase cultures previously heated for either 40, 50 or 70-min at 55°C.
4.5.2 Effect of Culture Composition on Heat Resistance of Exponential-Phase 
Cells
4.5.2.1 Effect of Spent Media on Thermal Resistance
Exponential and stationary spent media at 55®C were inoculated with exponential cells. The 
thermal resistance of these exponential cells was the same as in control experiments performed 
simultaneously in NB at 55°C (Table 4.2). Time at 55°C for a 5D reduction was 5.5min. Triplicate 
data sets were used to construct a single plot of mean logio survivors against time (min) (Figure 
4.3) permitting the calculation of D-values.
Table 4.2 Dss-values for 5". Typhimurium exponential cells inactivated in stationary or exponential 
spent media (S.S.M/E.S.M) at 55®C together with control Dss values (in NB at 55°C). D-values are 
the mean of three trials together with standard deviations (± SD).
S.S.M E.S.M
Dss-value C ontrohggT Dss-value Control:
(min)" Dss-value (min) * (min)* Dss-value (min) *
1.10 ±0.06 1.11 ±0,03 1.13 ±0.02 1.14 ±0.02
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Figure 4.4 Mean survivor curves for the thermal inactivation of exponential 5'.Typhimurium cells 
at 55®C in: cell free stationary spent medium and exponential spent medium Where 
applicable, error bars represent standard deviation of mean data. Correlation coefficients (R^) 
represent deviations from linearity.
4.S.2.2 Cell-Contribution to Thermal Resistance
A stationary culture heat-treated for 40-min at 55®C was centrifuged to remove the cells and a 
freshly prepared exponential cell-concentrate was heat-inactivated in the resulting supernatant at 
55°C. The Dss-value (1.15 ± 0.02 min) for exponential cells showed that removal of the heat- 
treated stationary cells from the heating medium abolished the protective effect seen in their 
presence (Dss = 3.29 ± 0.07 min; Table 4.1).
The inoculation of a stationary or exponential spent medium with a concentration of ca. 10  ^ cfii/ml 
of stationary cells, followed by heating at 55®C for 40-min, gave the same protective effect as a 
heated stationary-phase culture (Table 4.3). D-values of 3.15min and 2.96min respectively for 
exponential cells heat inactivated in heat-treated stationary or exponential spent media containing 
stationary cells, were significantly higher {P< 0.05) than the values of 1.10 min and 1.13 min 
previously obtained in the same cell-free spent media (See Table 4.2).
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Table 4.3 Dss-values for S'.Typhimurium exponential cells inactivated in stationary (S.S.M) or 
exponential spent media (E.S.M) in the presence of 40-min heat-treated at 55®C stationary cells 
(S.C; ca. 10  ^cfu/ml) together with control Dss values (in NB at 55®C).
Heating 
period (min) 
40
D55-value
(min)*
3.1510.02
Control: Dss- 
value (min)* 
1.1410.01
Dss-value (min)* 
2.9610.02
Control: Dss- 
value (min) * 
1.1510.01
Mean ± SD (Mean of 3 trials)
No protection was seen when stationary or exponential spent media were inoculated with ca. 10^  
cfu/ml of exponential cells, which were then subjected to the same 40-min heat-treatment at 55®C 
before addition of the exponential cells (Table 4.4). The D-values of the second batch of freshly 
prepared exponential cells were equal to the control D-values (in NB at 55®C).
Table 4.4 Dss-values for Typhimurium exponential cells inactivated in stationary (S.S.M) or 
exponential spent media (E.S.M) in the presence of 40-min heat-treated at 55®C exponential cells 
(E.C; ca. 10  ^cfu/ml) together with control Dss values (in NB at 55°C).
Heating 
period (min) 
40
Dss-value
(min)*
^ 1 .1 3 1 0 .0 1 #
Control: Dss- 
value (min)* 
1.1110.03
D „-value(m i„r *
1.10 + 0.01 * «1.09 ±0.03
Mean ± SD (Mean of 3 trials)
Finally, NB at 55°C was inoculated with ca. 10  ^cfu/ml of stationary cells that were then heated for 
either 40 or 70-min. After each heating period, the medium was inoculated with exponential cells. 
The results showed that stationary cells heated for 40-min in NB could protect the exponential 
cells added subsequently (Table 4.5) while prolonged heat-treatment (70-min) abolished 
protection. In contrast, no protective effect was seen when a NB medium was inoculated twice in 
succession with exponential cells: Regardless of the period of preliminary heat-treatment (40-min 
or 70-min), the thermal resistance of the second batch of exponential cells introduced was not 
significantly different than that obtained in a normal NB medium at 55®C (Table 4.5).
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Table 4.5 Dss-values for 5'. Typhimurium exponential cells inactivated in NB in the presence of 
stationary (S.C) or exponential cells (E.C) initially heat-treated for 40 and 70-min at 55®C together 
with control D55 values (in NB at 55®C).
M i & E.C
Heating Dss-value Control: Dss-
period (min) (min)* value (min) *
40 2.23 10.03 1.1210.01
70 1.0910.02 1.11 10.04
Dss-value (min)"
1. 1110.02 
1.1510.02
Control: Dss- 
value (min) * 
1. 1010.01
1.14 + 0 02
Mean 1 SD (Mean of 3 trials)
4.S.2.3 Cell-Concentration Effect
The failure to see a protective effect from heated exponential cells could be due to their being 
exponential phase cells or due to the lower numbers present compared with stationary phase 
cultures. Inoculation of stationary spent medium with stationary cells in concentrations lower than 
10* cfri/ml and their heat-treatment for 40-min at 55®C was not found to be protective for 
exponential cells inactivated in the same medium subsequently (Table 4.6). When the 
concentration of stationary cells was ca. 10^-10^ cfu/ml, the D-value of exponential cells returned 
to control levels.
Table 4.6 Dss-values for 5". Typhimurium exponential cells inactivated in stationary spent media 
(S.S.M) in which stationary cells (S.C) of different concentrations had initially been heat-treated 
for 40-min at 55”C together with control Dss values (in NB at 55®C).
S.C conc.(cfu/ml)
1 0 *
1 0 ^
1 0 ^
1 0 ^
Ds5-value (min)* 
2.64 ± 0.06 
1 .12  + 0 .0 1
1.14 ±0.02
1.14 ± 0.02
Control: Dss-value (min) * 
1.14±0.01
1.14 + 0.02
1.14 + 0.01 
1.13 + 0.01
Mean ± SD (Mean of 3 trials)
With a concentration of ca. 10  ^ cfu/ml of stationary cells heated for 40-min at 55®C, the heat 
resistance of exponential cells was significantly enhanced: a 4D reduction at 55®C required 14
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minutes. This time was reduced significantly to 11-12 minutes when 10* cfii/ml of stationary phase 
cells were used and was further reduced to 4-5 minutes when the exponential cells were inactivated 
in stationary spent medium to which 10 ,^ 10 ,^ and 10  ^ cfu/ml of stationary cells had been added 
(Figure 4.5).
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Figure 4.5 Mean survivor curves for the thermal inactivation of exponential 5".Typhimurium cells 
at 55°C in stationary-phase spent medium in which different concentrations of stationary cells had 
initially been heat-treated for 40-min at 55®C. Error bars where applicable represent standard 
deviation of mean data.
4.5.3 Relationship Between Redox Potential and Thermal Resistance
4.5.3.1 Redox Potential of Heated Cultures
Exponential and stationary-phase cultures were equilibrated to 55°C and their redox potential and 
pH measured over 70-min. Adaptation of the redox potential electrode took a maximum of 15 
minutes. Stable readings were obtained fi’om that time onwards and therefore, redox potential 
measurements were taken after the cultures were held for 20-min at 55®C (Table 4.7).
The redox potential at t=20-min during heating, differed by almost 120mV with stationary cultures 
having the lower value of 199.32 (± 5.61) mV compared with exponential phase cultures
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(320.21 ± 4.33 mV). Prolonged heating at 55®C reduced the redox potential of the stationary- 
phase cultures up to 40-min with a minimum recorded value of 180.01 (± 5.32) mV. The redox 
potential of the exponential culture also declined with heating but was substantially higher and 
showed no minimum during the 70-min heating. It was significantly higher at 40-min having a 
mean value of 290.23 (± 11.31) mV. At t=50-min, and for the rest of the holding period at 55®C the 
difference in the redox potential between cultures was not significant. Both cultures at the end of 
the 70-min holding period at 55®C had a redox potential that only differed by about 6 mV, with 
exponential-phase culture having the higher value (281.88 ± 5.55 mV).
Table 4.7 Change in redox potential (Eh; mV) of stationary and exponential-phase Salmonella 
cultures during heating for 70-min at 55"C. All redox potential values have been corrected to pH 7 
and are the mean of five trials together with standard deviation (± SD).
Heating period 
(min) Stationary-phase culture Exponential-phase culture
2 0 199.32 ±5.61 320.21 ±4.33
30 189.41 ±3.71 323.41 ±5.41
40 180.01 ±5.32 290.23 ±11.31
50 251.45 ±6.12 279.39 ±4.39
60 269.39 ±3.34 273.21 ±3.71
70 275.51 ±4.41 281.88± 5.55
4.S.3.2 Redox Potential of Cell-free Media at 55 C
The change in redox potential and pH in NB and stationary or exponential spent media over a 
holding period of 70-min at 55®C was recorded. Redox values recorded were corrected to pH 7 
and used to plot a graph of the mean redox potential change over time at 55® for each medium 
(Figure 4.6). Mean pH values recorded together with redox potential at each time interval were 
plotted against heating period at 55®C (Figure 4.7).
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Figure 4.6 Change in the redox potential (Eh; mV) in NB, stationary and exponential spent media 
over time at 55°C. Results are the mean of five experiments in each medium. All redox potential 
values are corrected to pH 7.
The time zero values correspond to the mean redox potential of the media equilibrated to 55°C. NB 
had the highest redox potential of 333.63 mV, followed by stationary spent medium (Eh = 323.93 
mV) and exponential spent medium (Eh = 319.76mV), although the differences were not 
significant (P>0.05). Redox potential decreased during holding at 55”C over 70-min. After 40-min 
at 55®C, the mean redox potential of the media was 312.32 (± 12.84) mV, 268.91 (± 16.99) mV, 
and 293.44(± 16.58) mV, in NB, stationary and exponential spent medium respectively.
The redox potential in NB after 40-min at 55°C was significantly higher than that in stationary 
spent medium but not significantly higher than in exponential spent medium. At the end of the 
heating period (70-min), NB had a significantly higher redox potential (295.14 ± 10.85 mV) than 
stationary (257.35 ± 17.12 mV) and exponential spent media (273.44 + 14.71 mV), which were not 
significantly different fi-om each other. In each medium, treatment at 55®C brought about 
significant changes in the redox potential over time at both 40 and 70 minutes.
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The pH of the media during heating remained unchanged over time (Figure 4.7).
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Figure 4.7 Change in pH in NB, stationary and exponential spent media over time at 55®C. Results 
are the mean of five trials in each medium.
4.5.3.3 Effect of Cell-Heat Treatment on Redox Potential at 55®C
NB, stationary and exponential spent media were equilibrated to 55°C and their redox potential 
recorded. The role of added cells (stationary or exponential) and heat-treatment on the redox 
potential of each medium was followed at 55°C over 70-min. The change in the redox potential of 
the media during heating in the presence of cells was compared to that of cell-fi-ee NB, stationary 
and exponential spent media.
Stationary cells in a stationary spent medium significantly reduced its redox potential (Figure 4.8). 
The time zero mean redox potential value (320.39 ± 13.32 mV) was the same as the mean redox 
potential of stationary spent medium equilibrated to 55”C. The effect of the stationary cells on the 
redox potential of stationary spent medium was apparent in the first 5 -minutes of heat treatment, 
with the redox potential falling significantly to 248.38 (±13.99) mV. Redox potential continued to
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fall over time to 195.19 (± 8.36) mV at t=40-min. Five minutes latter, the redox potential started to 
rise again to a value of 270.52 (± 6.74) mV at the end of the heating period (t=70-min).
No significant change in the redox potential of the stationary spent medium was observed when 
this was inoculated with exponential instead of stationary cells (Figure 4.8). Five minutes after 
addition of the exponential cells, the redox potential of the medium was reduced by 15mV, fi*om a 
value of 322.48 (± 12.86) mV to a value of 307.78 (± 9.37) mV. At t=40-min, the redox potential 
had dropped to 276.37 (± 6 .6 6 ) mV, a higher value than that obtained with cell-fi-ee stationary 
spent medium held for the same period at 55®C. At the end of heating (t=70-min), the redox 
potential did not differ significantly from that of a cell-free stationary spent medium after the same 
holding period.
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Figure 4.8 Change in the redox potential (Eh; mV) of stationary spent medium (S.S.M) at 55”C, 
following the heat-treatment of stationary (S.C) and exponential cells (E.C) for 70-min. Results are 
the mean of five trials. All redox potential values are corrected to pH 7.
84
Chapter 4 Search for a Cell-to-Cell Communication System in Salmonella
The addition and heat-treatment of stationary and exponential cells in the stationary spent medium 
did not affect its pH (Figure 4.9).
X
Q .
8
7.5 
7
6.5 
6
5.5
5 10 15 20 25 30 35 40 45 50 55 60 65 70
Time (min)
■S.S.M •S.C in S.S.M ■E.C In S.S.M
Figure 4.9 Change in pH of stationary spent medium (S.S.M) at 55®C, following the heat- 
treatment of stationary (S.C) and exponential cells (E.C) for 70-min. Results are the mean of five 
trials.
The effect of heating at 55®C on the redox potential of exponential spent media was also measured. 
Stationary and exponential cells were added and heat-treated in exponential spent medium 
equilibrated to 55®C for a period of 70-min.
Stationary cells in the exponential spent medium brought about a significant drop in the redox 
potential over the first 40-min of treatment (Figure 4.10). Initially, at t=Omin, the redox potential of 
the exponential spent medium equilibrated to the investigation temperature, had a value of 316.35 
(±14.90) mV. After a 40-min heat-treatment with stationary cells present, the redox potential had 
dropped significantly to a value of 202.45 (±10.87) mV. Five minutes later it increased to 225.30 
(±14.69) mV and reached a value of 275.08 (±11.73) mV at t=50-min, which was not significantly 
different from that of the cell-free exponential spent medium held for the same period at 55°C.
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Figure 4.10 Change in the redox potential (Eh; mV) of exponential spent medium (E.S.M) at 
55“C, following the heat-treatment of stationary (S.C) and exponential cells (E.C) for 70-min. 
Results are the mean of five trials. All redox potential values are corrected to pH 7.
No significant change in the redox potential of exponential spent medium was brought about by 
the heat-treatment of exponential cells for the same heating period at 55°C (Figure 4.10). Mean 
redox potential values recorded at each sampling time were very close to those of the cell-fi-ee 
spent medium following the same heat-treatment at 55®C.
The heat-treatment of cells (stationary and exponential) did not alter the pH of the exponential 
spent medium.
Finally, the effect of heating stationary and exponential cell on the redox potential of NB at 55”C 
was monitored over 70-minutes. Redox potential values were then compared with those of cell- 
fi-ee NB held at 55°C for the same period. Once more, the results showed that the heat-treatment of 
stationary and not exponential cells had a significant effect on the redox potential. A significant 
drop in redox potential occurred over the first 40-min of stationary cell heat-treatment (Figure 
4.11). The redox potential of NB at 55®C was 322.92 (±11.31) mV, stationary cells were added and
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after 40-min, the redox potential was significantly reduced to 218.61 (±8.60) mV. It increased 
again after 10 min (t=50-min) to 284.32 (±4.52) mV. At the end of the heating period (t=70-min), 
the redox potential of NB did not differ from that of a cell-free NB held for the same heating 
period at 55®C. The effect o f exponential cells on the redox potential of NB was minimal, while the 
pH of the medium remained the same.
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Figure 4.11 Change in the redox potential (Eh; mV) of Nutrient broth at 55°C, following the heat- 
treatment of stationary (S.C) and exponential cells (E.C) for 70-min. Results are the mean of five 
trials. All redox potential values are corrected to pH 7.
Regardless of the medium itself (NB, stationary or exponential spent medium) heat-treatment of 
stationary cells, reduced the redox potential of the medium significantly (Figure 4.12).
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Figure 4.12 Effect of stationary cell (S.C) heat-treatment on the redox potential of NB, stationary 
(S.S.M) and exponential spent media (E.S.M) for 70-min at 55°C. Results are the mean of five 
trials. All redox potential values are corrected to pH 7.
4.5 3.4 Effect of Cell-Concentration on Redox Potential
The concentration of stationary cells initially introduced into the stationary spent medium was 
previously shown to be the factor determming increased thermal resistance of the exponential cells 
(See Table 4.6). The 40-min heat-treatment of ca. 10* and 10  ^ cfii/ml of stationary cells in the 
stationary spent medium rendered the medium protective. Stationary cells added in lower 
concentrations were ineffective.
The effect of cell concentration was studied by measuring the redox potential of stationary spent 
media during the heat-treatment of different concentrations of stationary cells. Approximately 10 ,^ 
1 0*, 10 ,^ 10  ^ and 10  ^ cfu/ml of stationary cells were added to pre-equilibrated stationary spent 
media and the redox potential changes were compared with those from a cell-free stationary spent 
medium heat-treated for the same period at 55°C (Figure 4.13).
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The heat-treatment of cells at the higher cell concentrations of ca.lO* and 10  ^ cfli/ml, showed 
significant changes in the redox potential of the medium (Figure 4.13). Even in the first 5-min, the 
redox potential of the medium was significantly reduced and kept falling until it reached 190.38 (± 
6.73) mV and 192.79 (± 7.97) mV for concentrations of 10  ^ and 10* cfii/ml respectively at t=30- 
minutes. Ten minutes later (t=40-min), the redox potential was 195.18 (± 8.35) mV and 217.41 (± 
12.01) mV respectively, values that did not differ significantly. An increase in the redox potential 
occurred earlier in the medium of ca. 10* cfu/ml heat-treated stationary cells and the difference in 
the redox potential between the two media started to become significantly different only five 
minutes later (t=45-min). At t=50-min, the redox potential of both media had reached the same 
level as that of the cell-fi-ee spent medium at the same heating period.
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Figure 4.13 Change in the redox potential (Eh; mV) of stationary spent medium (S.S.M) at 55°C, 
following the heat-treatment of stationary cells in different concentrations for 70-min. Results are 
the mean of five trials. All redox potential values are corrected to pH 7.
The redox potential of the spent medium was unaffected by the presence of stationary cells in 
lower concentrations (ca. 10  ^and 10  ^cfu/ml).
Stationary cells in the lowest concentration used, ca. 10^  cfu/ml, in the stationary spent medium led
to a significant increase in the redox potential of the stationary spent medium throughout the whole
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heating period at 55°C. However, regardless of the stationary cell concentration, at the end of the 
heating period (70-min), all media had similar redox potential values.
The pH was shown to be completely independent and unaffected by the concentration of eells 
(Figure 4.14).
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Figure 4.14 Change in the pH of stationary spent medium (S.S.M) at 55°C, following the heat- 
treatment of stationary cells in different concentrations for 70-min. Results are the mean of five 
trials.
4.5.3.S Manipulation of Redox Potential of Heated Cultures
The redox potential of an exponential-phase culture held at 55°C for 40-min was 294.28 (± 15.28) 
mV. Reinoculation of this medium with a second batch of exponential cells did not enhance their 
thermal resistance (See Table 4.1). In a second experiment, when the redox potential of the 40-min 
heated exponential culture was reduced fi*om an initial value of 300.06 (± 9.13) mV to 201.99 (± 
13.17) mV by the addition of dithiothreitol (DTT), the thermal resistance of added exponential 
cells was increased. D-values were 2.33 (± 0.19) min significantly higher than the 1.10 (± 0.04)
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min obtained when no reducing agents were added (control). No significant changes were 
observed in the redox potential of the artificially reduced exponential-phase cultures during the 
experiment.
Dithiothreitol was further used to reduce the redox potential of stationary-phase culture held at 
55T  6 r 70-min. The redox potential of the heated culture was reduced fi-om 276.32 (± 11.21) mV 
to 187.24 (± 6.17) mV. In this reduced medium, the thermal resistance of exponential cells was
again significantly increased with D-values of 3.43 (± 0.12) min compared to a D-value of 1.02 (± 
0.06) min obtained in the same heated culture without the addition of dithiothreitol (control).
Potassium ferricyanide was used to increase the redox potential of a stationary-phase culture held 
at 55T  for 40-min. The addition of potassium 6 rricyanide in the heated culture increased the 
redox potential fi-om a value of 193.58 (± 9.14) mV to a value of 276.54 (± 14.11) mV. This 
increase in the redox potential abolished the otherwise protective nature of the heated culture (See 
Table 4.1). The D-value of exponential cells was significantly reduced fi-om 3.32 (± 0.03) min 
(control) to 1.14 (± 0.02) min. There was no further significant change on the redox potential of 
the medium during the experiment.
4.5.4 Effect of Cell-Coneentration on Percent Oxygen Saturation at 55"C
The percent dissolved oxygen of a cell-fi-ee stationary spent medium equilibrated at 55°C was 98% 
(Figure 4.15). Heat-treatment of the medium fi)r 70-min at 55°C, did not bring about any 
significant change in the percent dissolved oxygen with a minimum of 96% obtained afier 20-min 
in 55T.
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The concentration of stationary cells heat-treated in the cell-free spent medium significantly 
affected the percent dissolved oxygen in the medium. A concentration of ca. 10 and 10 cfii/ml of 
stationary cells reduced the percent dissolved oxygen to 40 and 46% respectively after a 40-min 
heat-treatment. Five minutes latter (t=45-min) an increase in the percent dissolved oxygen was 
observed in both media which was gradual and lasted until the end of the heat-treatment, reaching 
the level of oxygen contained in the cell-free spent medium. Stationary cells added in lower 
concentrations, did not affect the percent dissolved oxygen of stationary spent media at 55 C.
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Figure 4.15 Effect of stationary cell concentration on the percent dissolved oxygen in stationary 
spent media (S.S.M) heat-treated for 70-min at 55T . Results are the mean of five trials.
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4.6 Discussion
A number of 6ctors have been identified as being protective to heated cells. According to 
Allwood & Russell, (1967), the presence of sucrose in the heating medium protects against leakage 
and enhances the survival o f awrgwj by decreasing membrane damage. Hurst &
Hughes, (1978) and Postgate & Hunter, (1963), have commented on the protective effect of Mg^^ 
against cellular leakage and thermal death. Since the presence of external solutes could delay
thermally induced death. Allwood & Russell, (1967) and Postgate & Hunter, (1963) proposed that 
in a heated population, dying cells secrete materials (leakage material) able to delay the death of 
the remaining survivors and thus enhance their thermal resistance.
If this was true, then a heat-killed cell suspension would decrease the death rate of a second 
suspension heat-treated in the same medium. However, according to the work of Moats et ah, 
(1971) and Humpheson et a l,  (1998) cells added to a previously heated culture did not show any 
increased heat resistance.
The observations of Moats gf a/., (1971) and Hunq)heson gf a/., (1998) were partly confirmed by 
the results presented in this chapter. These results demonstrated an interesting enhancement o f the 
heat resistance of exponential phase cells in an inactivated stationary phase culture. This efiect was 
heat labile as it was most marked in cultures heated fi)r 40 minutes. M th longer heating times the
heat resistance of exponential phase cells was not enhanced.
The protective ef&ct was not due to some component secreted into the medium, as cell-fi-ee media
showed no protective effect. Similarly, a heated exponential phase culture failed to show the same 
protective properties.
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The surviving cell population of ca. 10 -^10  ^ cfu/ml in a heated stationary culture after 40-min at 
was not involved in the instantaneous protection afkrded on the thermal resistance of the 
exponential cells added subsequently. In a separate experiment, stationary cells were introduced in 
NB equilibrated at 55°C, at a final concentration of 10^  cfu/ml. At the same time, exponential cells 
were added and their measured heat resistance was the same as under normal conditions (in NB at 
55°C). These results agree with those of Duffy a/., (1995). In their work, survival of exponential 
cells of Typhimurium at 55°C was significantly enhanced in the presence of a high
concentration (10  ^cfu/ml) o f live competitor cells. Live cells present in the heating menstruum at a 
concentration of ca. 10^  or 10^  cfu/ml did not have any protective efkct.
The difference seen between the thermal resistance of exponential phase cells in an inactivated 
exponential broth and in an inactivated stationary phase broth could be due to the growth phase of 
the inactivated cells. Stationary phase cells might somehow give more protection to the 
exponential phase cells or it may simply reflect the higher number of dead cells in an inactivated 
stationary phase broth (ca. 10^  cfu/ml) compared to an exponential phase broth (ca. 10^  cfu/ml).
The results showed that it was simply a population size efkct. When the number of stationary 
phase cells was reduced below 10^  cfu/ml, then exponential cells showed no enhanced thermal 
resistance.
Clearly, all the results suggested that protection was of no direct biological origin and did not 
involve a signal-driven mechanism in the form of a signalling molecule. Of great importance was 
the fact that an otherwise inert cell-free medium could become protective, once heated in the 
presence o f a high cell concentration (over 10^  cfii/ml) fi)r no longer than 40-min at 55T .
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Since there was no indication that the mechanism of protection was of any biological origin 
(signalling molecule/leakage material), attention was drawn on the physicochemical properties, 
namely oxidation-reduction potential (redox potential) and pH, of media displaying protective 
properties. The widely accepted fact that thermal resistance is enhanced in media of low redox 
potential could only be explained if accepting that the redox potential of a medium is a 
measurement o f its percent dissolved oxygen at a given time. The lower the redox potential o f a 
medium, the lower its percent oxygen dissolved. During heating, the cells’ catalase and 
superoxide dismutase are inactivated while their thermal stability can vary among species and even 
strains (Martin et al, 1976; Dallmier & Martin, 1988). With those two enzymes inactivated, cells 
cannot protect themselves against the toxic forms o f oxygen synthesized in the media under 
aerobic, high redox potential conditions. For that reason, cells will survive poorly and their thermal 
resistance will be reduced. The opposite will happen in anaerobic, low redox potential heating 
media.
The thermal resistance of exponential cells of & Typhimurium was clearly dependent on the redox 
potential of the media in which inactivation took place. The prolonged heat-treatment (over 70- 
min) o f cell-free media at 55°C was not able to create anaerobic, low redox potential conditions. 
M th this high value o f redox potential, media could not enhance the survival of exponential cells 
inactivated at 55°C. The results showed that protection depended on population size. This cell- 
concentration dependent nature of protection arose from the effect of cells on the redox potential 
and percent dissolved oxygen of the media in which they were heat-treated at 55”C. The higher the 
concentration o f cells heat-treated fr>r 40-min at in a stationary spent medium, the lower the 
percent dissolved oxygen and thus, the lower its redox potential. The heat-treatment of cells in 
concentrations below 10^  cfu/ml, did not bring about any significant changes on the redox potential 
of the medium nor on its percent dissolved oxygen.
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The above results agree with the work of Aldsworth et a l,  (1998) in which exponential cells of 
Salmonella Typhimurium were heat-inactivated at 55°C in the presence of competitor cells in 
variable concentrations. Protection against thermal death was accomplished in heating media 
containing high (over 10* cfu/ml) concentrations of competitors and the effect was actually a 
protection against oxidative damage. Competitor cells in higher concentrations could create a 
deficit of oxygen in the medium while cells at a 10-fold lower density (10  ^ cfu/ml) were not able to 
affect the percent dissolved oxygen in the heating media at 55°C.
However, the thermal resistance of exponential cells of & Typhimurium as described in the present 
work was shown to be independent of the percent dissolved oxygen in the heating media. 
Manipulation of redox potential in heating media by using different redox agents (dithiothreitol, 
potassium ferricyanide) showed that cells were not sensitive to oxygen per se but to the effect 
oxygen had on their redox potential.
The interpretation of the redox potential of a biological system based on the dissolved oxygen it
contains has been widely employed basically in terms of convenience (Jacob, 1970). A lot of 
researchers have argued on the use o f oxygen pressure in a biological system, as the sole means of 
interpreting its redox potential. In 1861, Pasteur supported that oxygen itself was toxic to 
anaerobes and this idea was widely adopted in latter years (Smith & Pierson, 1979). Under aerobic 
conditions, the growth of Clostridium acetobutylicum was inhibited as a result of the direct toxicity 
of oxygen rather than high redox potential o f the growth system (O’Brien & Morris, 1971). The 
same results were obtained for and
(Walden & Hentges, 1975). The concept o f direct oxygen toxicity in anaerobes however, has not 
been supported by all researchers. Growth of C.we/c/zz; was enhanced in a medium of low redox 
potential created after the addition of Vitamin C (Kligler & Guggenheim, 1938).
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Growth of C.botulinum type E, was in direct correlation with the redox potential of the growth 
medium manipulated by the use of difkrent in intensity redox agents (Smith & Pierson, 1979).
Any attempts to differentiate between the effect of oxygen concentration and redox potential o f a 
medium, on microbial growth and survival have been complicated by the direct relationship 
between oxygen and redox potential and by the inability to identity all the components in a 
medium that possess a redox character. Manipulation o f redox potential o f a system by using redox
agents (oxidizing/ reducing compounds) is considered a way by which one could distinguish 
whether oxygen or redox potential per se is the causative factor. In the work of George et a l, 
(1998), the thermal resistance of three food-home pathogens, Escherichia coli 0157:H7, 
Salmonella enteritidis and Listeria monocytogenes, was enhanced when measured under anaerobic 
gas mixtures of 10% Hz, balance N% and 100% Ni, with media having a redox potential of -348mV 
and -45mV respectively. As the percent oxygen was increased, the redox potential of the media 
was also increased. The inclusion of 0.5%, 2%, 20% and 40% oxygen in the media increased the 
redox potential to Eh = +11 ImV, +246mV, +343mV and +380mV respectively. As for the thermal 
resistance of all three pathogens, the more oxygen was added in the media, and the higher their 
redox potential, the more heat sensitive they became.
The differentiation between the effect of oxygen concentration and redox potential on the thermal 
resistance of Escherichia coli 0157:H7 was provided through the work of George & Peck, (1998). 
In their work, the use of different oxidizing agents (potassium ferricyanide and 2- 
bdichloroindophenol) managed to increase the redox potential of the media and lower the thermal 
resistance of the pathogen. Reduction of aerobic media with the addition of dithiothreitol, 
enhanced resistance. Therefore, the results showed that independent of the oxidizing agent used.
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and thus independent of the oxygen concentration, the thermal resistance o f the organism
depended on the redox potential of the media.
Enhanced resistance to inimical processes including thermotolerance is a basic characteristic of 
stationary growth phase mediated by the expression of genes controlled by the stationary-phase 
sigma factor RpoS (o )^. Our results showed the absence of any molecule that could signal 
transition into stationary phase and account for the instantaneous protection afforded on the 
exponential Salmonella cells.
The thermal inactivation experiments were not however, able to preclude that a signalling 
molecule did exist without being however, responsible for that protection. In the chapters that 
follow, a lot of attention is drawn on whether redox potential itself can act as a signal for transition 
into stationary phase via induction of RpoS-mediated gene expression in the exponential 
Salmonella cells. After all, entry into stationary phase of growth is accompanied by a dramatic 
drop in the redox potential of growth media (Jacob, 1970; Barnes & Ingram, 1956).
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5.0 Investigating the Cause of Protection: RpoS-Mediated Gene Expression
5.1 Aim
In the previous chapter, the ability o f a heated stationary phase culture to enhance the
thermal resistance of an exponential phase population of the same organism was related to its low
redox potential. The results pointed to an instantaneous protective effect not being the result of a 
component able to signal adaptive gene expression. The experimental approach followed was 
unable however, to eliminate the possibility that such a molecule may be present in the heated 
stationary phase culture. In this chapter, the possibility that the protection might be
correlated to RpoS-mediated gene expression in the exponential population is
investigated. To do this, an apvTM . /znrCTWRE reporter was employed to evaluate the role o f RpoS 
activity on the thermoprotection of exponential Salmonella cells at 55°C. In addition, we have 
sought to determine whether the low redox potential established in the stationary phase culture 
heated for 40-min was read as a signal by the exponential Salmonella cells to induce RpoS- 
mediated gene expression.
5.2 Summary
The thermal resistance o f early and late exponential phase trans&rmed to an
ampicillin resistant strain by the incorporation of the pSB367 plasmid, in a previously heated 
stationary phase culture of the parental strain, depended on the redox potential of the heating 
medium. The use o f an reporter provided preliminary evidence that a
component able to bring ft)rward the onset of RpoS-induction in exponential phase 
growing at 37°C, might be present in the spent medium of stationary phase cultures.
This component, if present, was heat-stable as it continued to do so even when heated for 40-min 
at 55”C as a part of a stationary phase culture.
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However, the time required for RpoS induction in 5"a/7M0Mg//a in a stationary spent medium or a 
heated stationary phase culture, was measured in hours and thus, adaptive gene expression could 
not be used to explain the instantaneous protective properties o f a heated stationary phase culture. 
The time for RpoS induction in ^a//Mo»g//a growing at 3TC in a previously heated stationary 
culture was significantly shorter when the redox potential o f the culture was reduced by the 
addition of dithiothreitol. Even then, the time for RpoS induction was not consistent vyith an 
instantaneous protective effect. Although it is not yet clear whether redox potential itself could act 
as a signal &)r RpoS induction, results showed that it was a 6ctor affecting expression.
5.3 Introduction
Bacterial transition into stationary phase is characterized by many structural and physiological
changes, a result of specific protein synthesis absent during logarithmic growth (Siegele & Kolter, 
1992; Kolter gr a/., 1993; Foster & Spector, 1995). Analysis of stationary-phase protein synthesis
has revealed that not all proteins have the same expression kinetics and that protein induction 
operates in a time-dependent manner with different proteins required during the entry, maintenance 
and exit from the stationary phase (Kolter et a l, 1993).
Entry into and maintenance of the stationary phase of growth requires the expression of a specific 
set o f genes, the most inqx)rtant o f which is the W F gene, widely known as This encodes an
RNA polymerase sigma 6ctor, RpoS or ss or s38 that is responsible for transition into the 
stationary growth phase. (Lange & Hengge-Aronis, 1991; Hengge-Aronis, 1993a and 1993b; 
O’Neal gt a/., 1994; Foster & Spector, 1995). The sigma factor RpoS controls the expression of a 
variety of genes that con6r enhanced resistance to a number of inimical processes such as 
resistance to oxidative, osmotic, starvation and thermal stress (e.g. Hengge-Aronis gf a/., 1991; 
McCann gr a/., 1991). The regulation of/yoS" expression and thus regulation of the cellular content
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of RpoS is a conq)lex process that is largely post-transcriptional and is characterized by changes in 
translation and protein stability (Bohannon gt zz/., 1991; Lange & Hengge-Aronis, 1994; Loewen g^  
a/., 1998).
Signals that can affect intracellular RpoS levels include ppGpp, cAMP, intracellular UDP-glucose 
levels, trehalose and weak acids (Gentry et al., 1993; Lange & Hengge-Aronis, 1994). Carbon, 
phosphate or nitrogen starvation were the first starvation signals identified that enhance RpoS 
accumulation (Lange and Hengge-Aronis, 1994; Jishage & Ishihama, 1995; Muffler et al., 1997; 
Zgurskaya gf a/., 1997). In 1994, Huisman and Kolter suggested that the synthesis o f a non- 
acylated homoserine lactone molecule might be a general starvation signal inducing the expression 
of zpo& According to this suggestion, homoserine lactone was an intracellular signal accumulating 
independent of cell density in starved cells. Upon increase in the cell density, the molecule might 
be acylated to allow diffision across cell membranes thus acting as an extracellular signal. 
Acylated homoserine lactone derivatives (N-acyl homo serine lactones) are secreted by many 
Gram-negative bacteria and their concentration increases as a result of the increase in cell density 
upon transition into stationary phase of growth. These are signalling molecules that control a 
variety of processes including light production in bioluminescent vibrios, elastase and exotoxin A 
production in P.agnzgzzzo.ya and antibiotic and exoenzyme production in Fnvzzzza gwofova (Svyiff 
gf a/., 1994; Greenberg, 1999; McGowan & Salmond, 1999).
5.4 Materials and Methods
5.4.1 Bacterial Strains and Plasmids
& Typhimurium LT2 and & Typhimurium LT2 (pSB367) were kindly provided by Dr T.G 
Aldsworth (Division of Food Sciences, University of Nottingham, Sutton Bonington, 
Loughborough, Leicestershire, UK). The plasmid pSB367 contains spvRA (from Salmonella
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ftised with (from /zzmmg c^g» )^ in pUC18 vector and con&rs
resistance to 50pg/ml ampicillin (Swift & Stewart, 1994). According to Coynault et a l, (1996), the 
expression of the operon requires ftmctional RpoS that uses bioluminescence as a reporter. In 
this way. Salmonella transformed with the pSB367 plasmid emits light only when intracellular 
levels o f RpoS are sufhcient to trigger the expression of apvTM (Swift & Stewart, 1994; Chen gf 
al., 1995; Aldsworth et a i, 1998).
Typhimurium (GpB 1.4.5.12:i.l.2) taken from the University o f Surrey collection was 
transformed to a bio luminescent phenotype, & Typhimurium (pSB367), with the constitutive 
WCDyfRF expression plasmid pSB367. The parental 5"a/7Mo»g//a Typhimurium strain was also 
used throughout the work.
5.4.2 DNA Manipulation
Salmonella Typhimurium LT2 (pSB367) was grown in NB containing 50pg/ml ampicillin at 37°C 
overnight. Plasmid extraction was carried out using the QIA prep Spin Miniprep Kit according to 
the manufacturer’s instructions (QIAGEN Ltd. Crawley, West Sussex, UK). Salmonella 
Typhimurium (GpB 1.4.5.12:11.2) was grown in NB at 37°C ft)r 8.5h to obtain a concentration of 
about 10  ^ cfu/ml. Cells were harvested by centriftigation (4000 x g for 15mins) in a cold rotor and 
resuspended in 10% of cold glycerol. Electroporation was carried out with a Bip-Rad Gene Puiser 
under the conditions described by Sambrook gr a/., (1989). Transft>rmants were selected on NA 
plates containing ampicillin at a concentration of 50pg/ml, incubated aerobically at 37°C.
5.4.3 Organism Maintenance and Resuscitation
S'a/zMoW/a Typhimurium (GpB 1.4.5.12:i.l.2) taken from the University o f Surrey collection, was
stored frozen in bead vials (Protect; Technical Service Consultants Ltd, Heywood, Lancashire,
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UK) at -70°C and resuscitated to czz. 10^  ctu/ml in 10ml o f Nutrient broth (NB; Unipath UK Ltd, 
Basingstoke, Hampshire, UK) incubated statically at 37°C &)r 24h.
.^ zz/zzzozzg/Zzz Typhimurium transformed with the pSB367 plasmid was stored in 500pl eppendorf 
tubes containing NB supplemented with 20% glycerol at -20"C and resuscitated to gzz. 10^  cfu/ml
in 10ml of NB containing 50pg/ml ampicillin incubated statically at 37°C for 24h.
5.4.4 Cell and Culture Preparation
Resuscitated cultures of Salmonella Typhimurium were diluted tenfold in MRD (Unipath UK Ltd, 
Basingstoke, Hampshire, UK) for the inoculation of pre-warmed (to 37“C) 100ml NB, to give 
initial suspensions of approximately 1 cfu/ml. Broths were incubated without shaking at 3TC 
forlSh to obtain stationary {ca. 10  ^cfu/ml) phase cultures.
Resuscitated cultures of Salmonella Typhimurium (pSB367) were diluted tenfold in MRD for the 
inoculation of pre-warmed (to 37°C) 100ml NB supplemented with 50pg/ml ampicillin (NB- 
amp50), to give initial suspensions of ca. 1 cfu/ml. Broths were incubated without shaking at 37®C 
for 8.5h or 4.5h to obtain late exponential (gzz. 10^  cfii/ml) and early exponential (gzz. 10^  cfu/ml) 
cultures, as determined by growth curve studies.
They were then immediately centrifuged (6,500 x g for 20min at 20°C). Centrifuged cell pellets 
were finally resuspended in 1ml of fresh NB.
5.4.5 Description of Thermal Inactivation Kinetics in ^.Typhimurium (pSB367)
In the previous chapter, exponential cells o f &z/7zzozzg//zz Typhimurium were collected during late
exponential phase. In this chapter, cells in both early and late exponential phase were employed to 
confirm that any protective effect seen is a property of the medium in which inactivation takes 
place.
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5.4.5.1 Heat Inactivation of A.Typhimurium (pSB367) in NB at 55®C
One ml of late {ca. 10  ^ cfu/ml) or early {ca. 10  ^ cfii/ml) exponential cell concentrates of 
& Typhimurium (pSB367), collected as previously described, were added to 50-ml portions of NB 
equilibrated to 55”C and sampled as previously described (Section 3.4.3). Cells were enumerated 
as 0.05ml half spread plates on NA and NA supplemented with 50pg/ml ampicillin (NA-amp50). 
All plates were prepared in duplicate and incubated aerobically at 37®C for 48h.
5.4.5.2 Heat Inactivation of S.Typhimurium (pSB367) in Heat-Inactivated 
Salmonella Stationary-Phase Cultures
50-ml portions of stationary phase cultures of the parental & Typhimurium strain, prepared as 
previously described, were equilibrated to 55°C and held at 55®C for a fiirther 10, 40 or 70- 
minutes. At each time, one ml of late {ca. 10  ^ cfu/ml) or early {ca. 10  ^ cfu/ml) exponential cell 
concentrates of & Typhimurium (pSB367) was added. Survivors were enumerated as described 
above and the heat challenge protocol followed was not different from that previously described 
(Section 3.4.2.2).
Where applicable, undiluted samples of heated medium were dispensed into glass universals at 
room temperature to cool, before further dilutions. To enumerate time zero populations, 
representative samples of concentrates were appropriately diluted and plated prior to heating.
5.4.5 3 D-Value Assessment
Calculation of D-values was carried out as previously described (Section 3.4.4). D-values 
obtained under different conditions were compared using Student’s /-test, according to Snedecor 
and Cochran, (1980). A significance level of f  <0.05 was used in all statistical analysis.
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5.4.6 Investigating the Cause of Protection: RpoS-Mediated Gene Expression
5.4.6.1 RpoS Induction in ^.Typhimurium (pSB367) Grown in NB at 37®C
Resuscitated overnight cultures of & Typhimurium (pSB367) were diluted tenfold in MRD for the 
inoculation of 100ml NB-anq)50 pre-warmed to 37°C to give an initial concentration of gzz. 1 
cfu/ml. Broths were incubated statically &)r 8.5h at 37°C to reach the late exponential growth phase
at a concentration of gzz. 10  ^ cfu/ml. Cultures were centrifuged (6,500 x g for 20min at 20°C) and 
cell pellets were resuspended in 10ml fresh NB for the inoculation of pre-warmed to 37°C NB and 
NB-amp50, to give an initial concentration of gzz. 10^  cfu/ml of exponential cells in the medium. 
Cultures were incubated statically at 37°C for 12h. For enumeration, one ml samples were taken 
every hour and diluted where appropriate in MRD prior to 0.05ml half spread plating on NA and 
NA-amp50 plates. All plates were incubated aerobically for 48h at 37°C.
During growth, lOOpl samples were also taken every hour ft)r bioluminescence monitoring using a 
Luminoscan luminometer (Lab-systems Ltd. Basingstoke, Hants, UK) in which bioluminescence
was integrated over a 10-sec counting period.
5.4.6.2 RpoS Induction in ^.Typhimurium (pSB367) Grown at 37®C in a 
Previously Heated at 55®C Stationary-Phase Parental Salmonella Culture
100-ml portions o f stationary phase cell cultures o f & Typhimurium, prepared as previously 
described, were equilibrated to 55°C in 250-ml plugged flasks and held at 55°C for a further 40- 
min. Cultures were then taken out o f the water bath and anqiicillin added at a concentration of
50pg/ml.
Cultures were allowed to cool in a water bath set at 37°C. They were then inoculated with
5. Typhimurium (pSB367) at an initial concentration of either gzz. 10  ^ or 10  ^ cfu/ml of exponential 
cells, prepared as previously described, and incubated statically at 37°C for 12h. One ml samples
105
C/zopfer j  f/ze Cazz^ yg fmfecfzozz. T^oS'-A/gz/zargzy Gg/ze Exprejjzofz
TAMsre taiaan eiAsry tuxur ftxr isnimieration <)n f4v\-2Krqp-5() jpkites. ISiolurnirKSSceiace \va& zdkx) 
monitored for the whole incubation period with lOOpl samples taken every hour.
5.4.6.3 RpoS Induction in S.Typhimurium (pSB367) Grown at 37®C in 
Stationary Spent Media of the Parental Salmonella Strain
100-ml of stationary spent medium from a stationary phase cell culture of parental S.Typhimurium, 
ccxUected aus (lescritxïd in (3baLi)ter 4, w/as ctpriUtHnak&d to 37°(Z larwi TAnas sufyplerrwaited Tadth
ampicillm (50pg/ml). This was then inoculated with cells of 5'.Typhimurium (pSB367) from an 
exponential phase culture appropriately diluted to give initial concentrations of ca. 10  ^ or 10  ^
cfu/ml and incubated at 37°C for 9h. Cell numbers and bioluminescence were monitored hourly.
5.4.6.4 Effect of Redox Potential on RpoS-Induction in S.Typhimurium 
(pSB367)
100-ml portions of stationary phase cultures of parental S.Typhimurium were equilibrated to 55”C 
and held at 55°C for a further 40-min. Heated cultures were taken out of the water bath and 
supplemented with ampicillin (50pg/ml).
They were then allowed to cool down to 37°C. Redox potential and pH were measured upon 
equilibration. Manipulation of the redox potential was carried out by the addition of dithiothreitol 
(DTT) at a final concentration of 28pmole/lt before exponential cells of 5'.Typhimurium (pSB367) 
were introduced at concentrations of either ca. 10^  or 10^  cfu/ml. Reduced growth media were 
incubated at 37°C for 9h while redox potential and pH were recorded every hour for the whole 
incubation period. The experiment was repeated five times and mean redox potential values 
corrected to pH 7 were plotted against incubation period at 37°C.
106
C/zqpfgr j  Cazzj^ g q/^fm/ecrzozz. T^o&Mgz^zzzrezf Gezzg Exprea^ z^ozz
5.4.7 Calculation of Induction Time for RpoS-Mediated Gene Expression
In all growth experiments previously described, enumeration of cells on NA or NA-amp50 plates 
w%us accorrq)arne(i tgz tHolkwniuiescisnce rnoinikoring. Iii thie gfxywth curings olbtainexi rrKxm lc)|gio ()f 
c()k)n)r jR)rmingr lunits pMsr ind (cifii/niO TAwere fdcrMxsd aygainst thie irKyutxitkm tinie. (Dritlie sauiK: grayph 
for eawzh grro\vtIii3x%x3riQiGnt, the irwearilOigio relative ligfA iinits (FLLJLT) (xfliie twolhinninesKxsrKx; daüki 
were plotted against incubation time. All data were the means of three trials for each different 
growth experiment.
(]alcukifk)n <)f tlx; incluctioii time olf B^poS-mediated jgerK: e](pressk)n arwi eiibry itüo stadioiiary  ^
phase were carried out according to the method described by Aldsworth et ah, (1998). RpoS 
üxhKükm tune denved from the hüersection of fre Ikes dnwvn fruough fre stawnMuy and 
exyaonoitiad i)arts of tiw: grcrwdli cmizes (meam iogio cfrwiid) auid lakfkuaihwsscerKie ciui/es (rneam 
lojgio ItlJLT)- ]Ejdb%qpolation of tiw; luie fiasshig 1dm)u;?h tiw: gpev/di auid 1)kfbiniûiesceiice (mrve 
intersections on the x-axis, defined a unique time that has been termed the RpoS induction time.
5.4.8 Measurement of Redox Potential
Tbe lexioiK ;x)terüiaj auid ]pH of tlie Iwaited statiorKury 6%3/mzofzg/A2 ciihiires won: recordai fwior to
their inoculation with exponential S'.Typhimurium (pSB367) cells as described in Chapter 4, 
Section 4.4.7.
I^uripg jgroTAdli at 37°(:, oicidalioii-reciuctioii fxyterAiai auid ]pH \va-e recxxrded crveiyr hoiwr. Iledoa: 
potential was measured using a platinum combination electrode and redox meter (model HI 8424, 
H/INN/L iruürimients). fhe resqxorux; ()f the electro(ie wnis (dieclced regtikudjf in (luinlrydkcine- 
saturated bufkrs at pH 4 and pH 7. pH was measured using a combination pH electrode (PHP-100-
030C) and pH meter (GrifiSn model 80, PHJ-300-010G, GriflSn, UK).
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Redox potentials (Eh) corrected to pH 7 were calculated using the equation:
Eh = Eobs + Eisf + E  ^(pH -  7)
Where Eobs is the observed redox potential, Eref is the redox potential of the internal electrolyte 
(3.5M KCL silver/ silver chloride) of the electrode taken as 195.6mV, En is the Nemst potential, 
taken as 61.51mV and pH is the pH of the sangle (Midgley & Torrance, 1978; George ef a/., 
1998).
Unless otherwise stated, all redox potential data are the mean of five independent trials perfr)rmed
for each different growth experiment together with standard deviations (± SD). Mean data were 
plotted against the incubation period for each single growth experiment.
5.5 Results
5.5.1 Description of Thermal Inactivation Kinetics in &Typhimurium (pSB367)
5.5.1.1 Heat Inactivation of 5.Typhimurium (pSB367) in NB at 55®C
Early (ca.lO^ cfu/ml) and late {ca. 10  ^ cfu/ml) exponential cells of &Typhimurium (pSB367) were 
heat inactivated in NB at 55°C. Enumeration of survivors was carried out on nutrient agar (NA) 
plates (non selective) and nutrient agar supplemented with ampicillin at a concentration of 50pg/ml 
(NA-amp50; selective). The results showed that the thermal inactivation of &Typhimurium 
(pSB367) did not produce injured survivors sensitive to ampicillin (Figure 5.1). Decimal reduction 
time values (Table 5.1) calculated from counts on both media fr)r early and late exponential phase 
cells were not significantly different (R>0.05).
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Table 5.1 D-values for 5'.Typhimurium (pSB367) early and late exponential cells in NB at 55®C 
recovered on non-selective (NA) and selective (NA-amp50) plates. D-values are the mean of three 
trials together with standard deviation (± SD).
Early exponential cells 
(4.5h: JlR cfn/inl)
Late exptmential cells 
(S.5li: 10 cfu ml)
Recovery media 
NA 
NA-am
D-value (min) 
0.78 ±0.02 
0.77 ±0.06
D-value (min) 
,,1.14 ± 0 .0 2
8
7E
ao 6 
O)
&  5
S2
E
3
(0
I
= 0.997
4
= 0.9979
3
R^ = 0.99122I . R  ^= 0.9951
0
87653 4210
Time (min)
NA-amp50 —♦ —NA — NA-am p50 —• —NA
Figure 5.1 Mean survival curves for »S.Typhimurium (pSB367) early exponential (ca. 10^  cfu/ml;
-•-) and late exponential (ca. 10  ^cfii/ml; -♦-) cells in NB at 55®C, recovered on non-selective (NA) 
and selective (NA-amp50) plates. Error bars indicate the standard deviation from the mean and 
correlation coefficients (R^) the deviation from linearity.
109
Chapter 5 Investigating the Cause o f Protection: RpoS-Mediated Gene Expression
5.5.1.2 Heat Inactivation of S.Typhimurium (pSB367) in Heat-Inactivated 
Salmonella Stationary-Phase Cultures
In the previous chapter, reinoculation of a heated stationary culture after a 10-min holding period 
at 55**C was not frasible, since the number o f surviving stationary cells in the culture would
interfere with the enumeration of exponential cells surviving heat inactivation. However, the 
incorporation of the pSB367 plasmid in Salmonella, together with recovery on selective NA- 
ampSO plates, enabled us to distinguish between surviving stationary parental cells and exponential 
Salmonella cells resistant to ampicillin. The use of selective NA-amp50 plates, as previously 
shown (See Table 5.1), provides valid thermal inactivation data.
Stationary cultures of S'.Typhimurium with a cell density of ca. 10  ^ cfu/ml were equilibrated to 
55“C and held at the investigation temperature for a further 10, 40 and 70-min. Enumeration of 
survivors, after each holding period, showed that about 10  ^ cfu of stationary cells per ml could 
survive in a 10-min heated culture, about 10  ^ cfu/ml in a 40-min heated culture while after 70-min 
all stationary cells in the culture had died.
The thermal inactivation of exponential cells of S'.Typhimurium (pSB367) in the heated stationary 
cultures after each holding period, confirmed the results in the previous chapter (shown in Table 
4.1). The thermal resistance of early and late exponential cells of S'.Typhimurium (pSB367) in a 
culture that had been heated for 40-min was significantly enhanced (f<0.05) compared with the 
results described for the same cells in NB at 55°C (See Table 5.1). Prolonged heating of the 
stationary culture (70-min) at 55°C abolished its protective properties (Table 5.2). Both early and 
late exponential cells of 5'.Typhimurium (pSB367) were significantly protected against thermal 
death, when heat inactivated in a 10-min heated at 55°C stationary culture. However, the D-values 
obtained (Table 5.2) were significantly lower than those in a 40-min heated stationary culture.
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Table 5.2 D-values for 5'.Typhimurium (pSB367) early and late exponential cells inactivated in 
stationary phase culture (S.C) of the parental Salmonella strain previously inactivated for either 10, 
40 or 70-min at 55°C. D-values are the mean of three trials together with standard deviation (± 
SD).
Heating period (min) of S.C at 
55®C D-value (min) D-value (min)
10 -min 1.77 ±0.05 1.93 ±0.04
40-min 2.67 ±0.04 3.19 ±0.06
70-min 0.79 ± 0.03 1.14 ±0.01
A direct correlation between redox potential and thermal resistance was obtained in the same way 
as described in Chapter 4. In a heated culture with a redox potential of 251.54 or 256.21mV (10- 
min at 55®C; Table 5.3), the D55 values of exponential cells of S'.Typhimurium (pSB367) were 
equal to 1.77 and 1.93min respectively (Table 5.2). In a 40-min heated culture with a redox 
potential of 203.32 and 192.I9mV (Table 5.3), Dgg-values were significantly (P<0.05) increased to 
2.67 and 3.19min respectively (Table 5.2). Prolonged heating at 55®C significantly increased the 
redox potential of the heated cultures to values of 281.34 and 287.2 ImV and significantly reduced 
the thermal resistance of exponential cells to Dgg-values of 0.79 and 1.14min respectively.
Table 5.3 Redox potential of stationary phase cultures of &Typhimurium held at 55°C for 10, 40 
or 70min before «S.Typhimurium (pSB367) early or late exponential cells were heat inactivated. 
Redox potential values are the mean of three trials together with standard deviation (± SD).
Heating period (min) of S.C at 
5 5 T Eh (mV) Eh(mV)
10-min 251.54 ±10.12 256.21 ±14.10
40-min 203.32 ±9.21 192.19 ±8.32
70-min 281.34 ±7.76 287.21 ±6.33
I l l
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The fact that incorporation of the plasmid did not change the thermal inactivation kinetics in NB of 
Salmonella is shovm in the survivor curves in Figure 5.1 and this was further conhrmed for the 
more complex media in these experiments (Figure 5.2 and 5.3).
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Figure 5.2 Mean survival curves for &Typhimurium (pSB367) late exponential {caAÇf cfu/ml) 
cells in stationary phase cultures of the parental strain previously inactivated for 10, 40 or 70-min 
at 55°C. Error bars indicate the standard deviation from the mean and correlation coefficients (R^) 
the deviation from linearity.
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Figure 5.3 Mean survival curves for 5'.Typhimurium (pSB367) early exponential (ca. 10  ^ cfu/ml) 
cells in stationary phase cultures of the parental strain previously inactivated for 10, 40 or 70-min 
at 55®C. Error bars indicate the standard deviation from the mean and correlation coefficients (R ) 
the deviation from linearity.
5.5.2 Investigating the Cause of Protection: RpoS-Mediated Gene Expression
5.5.2.1 RpoS Induction in S.Typhimurium (pSB367) Grown in NB at 37®C
Cells grew equally well on NB and NB-amp50 regardless of whether they were enumerated on NA 
or NA-amp50 plates (Figures 5.4 and 5.5). Cell recovery was therefore, not affected by the 
selectivity of recovery media or the presence of the selective agent (ampicillin) during growth at 
37°C. In all cases, S'.Typhimurium (pSB367), starting with an initial concentration of ca. 10  ^
cfu/ml, entered into the stationary growth phase after 4h at a concentration of ca. 10*-10  ^cfii/ml.
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Figure 5.4 Growth curves for ^.Typhimurium (pSB367) starting at a concentration of ca. 10^  
cfii/ml in NB and NB supplemented with 50pg/ml of ampicillin (NB-amp50) at 3TC. Cell 
recovery was carried out on selective NA plates supplemented with the same concentration of 
ampicillin (NA-amp50). Cell numbers are the mean of tlu-ee trials.
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Figure 5.5 Growth curves for •S.Typhimurium (pSB367) starting at a concentration of ca.lO 
cfu/ml in NB and NB supplemented with 50pg/ml of ampicillin (NB-amp50) at 37®C. Cell 
recovery was carried out on non-selective NA plates. Cell numbers are the mean of three trials.
114
Chapter 5 Investigating the Cause o f  Protection: RpoS-Mediated Gene Expression
The presence or absence of ampicillin in NB during growth at 37^C did not have any effect on the 
intracellular levels of RpoS in Salmonella as shown by the bioluminescence measurements during 
growth (Figure 5.6). Bio luminescence data showed that in both media and at t=4h, the time of 
transition into the stationary phase, the levels of intracellular RpoS started to increase and 
continued so for the next two hours (t=6h) after which period levels remained stable until the end 
of the incubation period (t=12h) at 37®C.
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Figure 5.6 Bio luminescence curves for 5'. T yphimurium (pSB367) starting at a concentration of ca. 
10^  cfu/ml, in NB and NB supplemented with 50p^ml of ampicillin (NB-amp50) at 37T . 
Bioluminescence data presented as relative light units (RLU) is the mean of three trials in each 
case.
The change in redox potential during the growth of the ampicillin resistant strain at 37°C was also 
shown to be unaffected by the presence of ampicillin during growth (Figure 5.7). The redox 
potentials of NB and NB-amp50 on equilibration to 37°C (t=Oh) were 365.03 and 373.15mV 
respectively. The growth of S'.Typhimurium (pSB367) brought about the same significant changes 
in the redox potential of both media. Redox potential gradually reduced for the first 3h during 
growth and at t=4h, it reached a minimum (45.89 and 63.23mV in NB and NB-amp50
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respectively). It then increased over the next hour (t=5h) and fell to a steady value lasting for the 
rest of the incubation period up to 12h.
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Figure 5.7 Change in redox potential during the growth of &Typhimurium (pSB367) starting at a 
concentration of ca A lf  cfu/ml, at 7>TC in NB and NB supplemented with 50pg/ml of ampicillin 
(NB-amp50). Redox potential values are the mean of five trials.
With cell recovery carried out on NA-amp50 plates, the time of RpoS induction was equal to 4h 
+12min (± 6 min) in NB and 4h +4min (± 3min) in NB supplemented with ampicillin (Figure 5.8 
and 5.9). Growth and bioluminescent data were shown to be in good agreement and determination 
of RpoS induction time was made by extrapolating the line drawn through the exponential and 
stationary portions of both curves to the x-axis.
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Figure 5.8 Induction of RpoS in 5'.Typhimurium (pSB367) grown in NB at 3 7 T  and recovered on 
NA supplemented with 50pg/ml plates (NA-amp50).
3.59
8
7
2.5I 6o
5zo>
Z 4
I  3 
S
2
0.5
1
0
8 9 10 11 12 1372 3 4 5 60 1
S
S
Time (h)
Figure 5.9 Induction of RpoS in ^'.Typhimurium (pSB367) grown in NB supplemented with 
50pg/ml at 3 7 T  and recovered on NA supplemented with 50pg/ml plates (NA-amp50).
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S.5.2.2 RpoS Induction in S.Typhimurium (pSB367) Grown at 37®C in a 
Previously Heated at 55®C Stationary-Phase Parental Salmonella Culture
The protection afforded on early and late exponential cells of ^ ’.Typhimurium (pSB367) when they 
were inactivated in 40-min heated stationary cultures of the parental strain was effectively 
instantaneous. If it had been otherwise, then the thermal death curves would have been concave, 
showing increased resistance with time.
When 5'.Typhimurium (pSB367) was grown in a stationary-phase culture, previously heated for 
40-min at 55°C, the RpoS induction time was 2h + 47min (± 1 Imin) following inoculation with ca. 
10^  cfu/ml (Figure 5.10). At that time the culture entered into the stationary phase with a 
concentration of about 10  ^ cfu/ml. This was not consistent with the instantaneous protective effect 
but was significantly shorter (P<0.05) than the time required when the cells were growing in NB- 
ampSO at 37°C. The RpoS induction time for &Typhimurium (pSB367) was Ih (± 4min) when a 
larger inoculum (ca.lO^ cfu/ml) was used (Figure 5.11). Again, RpoS-mediated gene expression 
could not be used to explain the instantaneous protection seen in late exponential cells
at 55T .
Redox potential was measured throughout the growth o f the organism at 37^C in the previously 
heated stationary culture (Figure 5.12). The redox potential of the heated stationary culture was 
281.91 (± 8.26mV) upon equilibration to 37°C. With an inoculum of ca. lO^cfu/ml o f 
&Typhimurium (pSB367), and during the first two hours of growth, the redox potential of the
medium gradually reduced to a minimum 45.97 (± 10.30mV) mV at t=3h, when Salmonella 
entered into the stationary phase. Redox values then increased 148.36 (± 9.50mV) mV at t=5h and 
then slowly decreased so that at the end of growth (t=12h), the redox potential was 97.70 (± 
6.7ImV) mV. The same change in redox potential was observed when Salmonella was inoculated
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at a higher level of c a .\tf  chi/ml (Figure 5.12). At the time of RpoS induction (t=lh), the redox 
potential was at its minimum value (84.20 ± 4.60mV). It then increased to 210.13 (± 6.12mV) mV 
in the next hour (t=2 h) and fell to a relatively constant value until the end of the incubation period 
(t=12h).
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Figure 5.10 Induction of RpoS in 5'.Typhimurium (pSB367) starting at a concentration ofca.lO^ 
cfu/ml in a previously heated for 40-min at 55°C stationary phase culture of the parental strain, at 
37°C. Cell recovery was carried out on NA supplemented with 50pg/ml plates (NA-amp50). 
Growth (•, log cfii/ml) and bioluminescence ( 4 , log RLU) data are the mean of three trials.
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Figure 5.11 Induction of RpoS in*S'.Typhimurium (pSB367) starting at a concentration of ca.lO  ^
ctu/ml in a previously heated for 40-min at 55"C stationary phase culture of the parental strain, at 
37°C. CeU recovery was carried out on NA supplemented with 50pg/ml plates (NA-amp50). 
Growth (•, log cfu/ml) and bioluminescence ( 4 , log RLU) data are the mean of three trials.
350
300
250 -
5  2 0 0
.c
150
100
9 10 11 12 1386 72 3 4 510
Time (h)
Figure 5.12 Change in redox potential during the growth of ^ .Typhimurium (pSB367) starting at a 
concentration of ca. 10® cfu/ml or lO’ cfu/ml, at 37°C in a previously heated for 40-min at 55®C 
stationary phase culture of the parental strain, supplemented with 50pg/ml of ampicillin. Redox 
potential values are the mean of five trials.
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5.S.2.3 RpoS Induction in S.Typhimurium (pSB367) Grown at 37®C in 
Stationary Spent Media of the Parental Salmonella Strain
The results have so far confirmed that instantaneous protection is not related to adaptive gene 
expression. However, it has been shown that the multiplication of 5'.Typhimurium (pSB367) is 
inhibited prematurely when the organism grows at 37®C in a previously heated stationary-phase 
culture of the parental Salmonella strain. In order to assess whether a component present in the 
stationary culture is responsible for growth inhibition and premature entry into the stationary- 
phase, RpoS induction times were measured at 37®C in the spent medium collected fi"om the 
stationary-phase cultures of the parental Salmonella strain.
In a stationary spent medium, the RpoS induction time for &Typhimurium (pSB367) was 2h + 
14min (± 6min) following initiation of the culture at ca.lO® cfu/ml. This time was significantly 
shorter (P<0.05) than that in NB-amp50 (t=4h + 4min (± 3min)) and in a previously heated for 40- 
min at 55°C stationary phase culture (t=2h + 47min (± 1 Imin)) at 37“C.
RpoS was induced in Salmonella at Ih (± Imin) following initiation of the culture at ca. 10  ^
cfu/ml. This time was not significantly different fi*om that required for RpoS induction in a 
previously heated for 40-min at 55°C parental stationary culture.
The change in redox potential during growth o f &Typhimurium (pSB367) followed the same
pattern as in all growth experiments so far described. At the time of RpoS induction in Salmonella,
the redox potential of the growth medium was at its minimum value. Starting with a concentration
of ca. 10® cfu/ml, induction of RpoS at about t=2h was characterized by a drop in redox potential
to a mean value of 66.28 (± 18.73mV). When Salmonella was introduced at a concentration of ca.
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10  ^ cfu/ml, the redox potential was significantly reduced to a mean value of 78.22 (± 6.90mV) 
after one hour during growth and at the time the organism entered into the stationary phase 
(Figure 5.13). In both cases, redox potential then increased for the next hour and then dropped to a 
relatively constant value for the remainder of the incubation period.
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Figure 5.13 Change in redox potential during the growth of 5".Typhimurium (pSB367) starting at a 
concentration of ca. 10^  cfu/ml or 10® cfu/ml, at 37®C in stationary spent medium supplemented 
with 5Gpg/ml of ampicillin. Redox potential values are the mean of five trials. The arrows on x- 
axis indicate the time of RpoS induction in Typhimurium (pSB367) in each case.
S.5.2.4 Effect of Redox Potential on RpoS-Induction in ^.Typhimurium 
(pSB367)
Studies on RpoS induction time were carried out at 37®C with redox potential conditions 
significantly higher than those during heat inactivation. In order to determine whether the low 
redox potential of the heated stationary culture at 55°C could trigger the induction of RpoS earlier 
in the underlying Salmonella exponential population, DTT was used to reduce the redox potential 
of the growth medium to almost the same value as seen at 55®C.
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The results showed that a drop in redox potential during growth could significantly enhance the 
induction of RpoS. However, the time fi)r RpoS induction was still not consistent with the
protective effect.
The redox potential of a stationary-phase culture pre-heated for 40-min at 55”C upon cooling to 
37°C was 285.43 (± 5.23mV) and 291.24 (± 7.2ImV) be&re being inoculated with ca. 10^  or 10® 
cfii/ml o f 5".Typhimurium (pSB367) exponential cells respectively. The addition of DTT at that
time reduced the redox potential to 192.28 (± 5.16mV) and 196.98 (± 4.32mV) (t=Oh) (Figure 
5.14). The artificially reduced redox potential was almost equal to that obtained in a 40-min heated 
culture at 55°C (Chapter 4).
Redox potential was significantly reduced for the first half hour after inoculation with ca.lO^ 
cfu/ml of 5.Typhimurium (pSB367) to 61.55 (± 7.44mV). It increased to a value of 127.16 ( t  
4.78mV) at t=lh and then 611 to a 6irly constant level 6 r  the remaining incubation period. The 
same significant drop in redox potential was obtained later, after 2h (Eh = 47.49 ± 6.68mV), when 
an inoculum of ca. 10® cfu/ml was used. The redox potential then increased to 106.74 (± 6.52mV) 
an hour later (t=3h) and then remained 6irly constant until the end o f the incubation period at 
3TC.
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Figure 5.14 Change in redox potential during the growth of 5'.Typhimurium (pSB367) starting at a 
concentration of ca. lO’ cfu/ml and 10* cfu/ml at 37®C, in a previously heated for 40-min at 55®C 
stationary phase culture of the parental strain, supplemented with 50pg/ml of ampicillin in which 
dithiothreitol (DTT) had been added at a final concentration of 28pmole/ml. Redox potential 
values are the mean of five trials.
^Typhimurium (pSB367) starting at an initial concentration of ca. 10  ^cfu/ml entered the stationary 
phase after 56min (± lOmin) and at a concentration of about 10^-10  ^ cfu/ml, one log lower than 
normal. This was the time when RpoS was induced in Salmonella (Figure 5.15) significantly 
earlier (f<0.05) than in the same medium without the addition of DTT (Ih (± 4min)). However, 
RpoS induction could still not be used to explain the instantaneous protection on late 10  ^ cfu/ml 
exponential cells of the organism.
The same was the case when a pre-heated stationary culture, reduced by the addition of DTT, was 
inoculated with Salmonella at a concentration of about 10*cfu/ml at 37°C. The time required for 
RpoS induction was significantly reduced (R<0.05) to 2h+4min (± 5min) compared with that in the 
absence of DTT (2h + 47min (± 4min)).
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Figure 5.15 Induction of RpoS in S'. Typhimurium (pSB367) at 37“C starting at a concentration of 
c a .\tf  cfii/ml in a previously heated for 40-min at 55®C stationary phase culture of the parental 
strain, supplemented with ampicillin (50pg/ml) in which dithiothreitol (DTT) was added at a final 
concentration of 28pmole/ml. CeU recovery was carried out on NA supplemented with 50pg/ml 
plates (NA-amp50). Growth (#, log cfu/ml) and bioluminescence (4 , log RLU) data are the mean 
of five trials.
5.6 Discussion
In the previous chapter it was shown that the thermal resistance of exponential ceUs of
S.Typhimurium was significantly enhanced when they were heat-inactivated at 55 C in a 40-min
heated stationary phase culture of the same organism. Protection against thermal death was
instantaneous and there was no evidence to suggest that a signalling molecule in the stationary
culture producing an RpoS-mediated stationary phase adaptive response was responsible. A
stationary spent medium or a stationary culture fi’om which the ceUs had been removed after a 40-
min heat-treatment at 55T , were not protective. The instantaneous protection fi*om dead ceUs was
shown to be a population size effect, linked to the low redox potential established during heating at
55°C. Although there was no evidence to suggest that the protection seen was a result of a
signalling molecule present in the stationary Salmonella culture, the possibility that a signalling
125
Chapter 5 Investigating the Cause o f  Protection: RpoS-Mediated Gene Expression
molecule was present and that RpoS-mediated gene expression played any part were investigated 
further.
To do this, & Typhimurium was transformed to a bioluminescent phenotype by the incorporation of
the pSB367 plasmid that also conferred resistance to ampicillin. Luminescence has been used as a 
reporter of apvÆf expression. It has been shown that the induction of both the structural 
(spvABCD) and regulatory (spvR) virulence genes of Salmonella are controlled by the intracellular 
levels o f RpoS (Fang gf aA, 1991; Norel g/ a/., 1992; Heiskanen g/ aA, 1994; Kowarz gr aA, 1994; 
Swift & Stewart, 1994; Chen et a l,  1995). In the pSB367 plasmid, the luxCDABE operon form 
/M7Mmg.yggMf is fused to the a^/7M073g//a virulence gene and apwf
promoter (Swift & Stewart, 1994). Light emission is observed from Salmonella transformed with 
the pSB367 plasmid only when sufficient intracellular levels of RpoS have accumulated to trigger 
the expression of the spvRA (Coynault et ah, 1996). In this way, the pSB367 biosensor uses 
bioluminescence as a reporter to measure RpoS activity (Aldsworth et a l,  1998). Use of 
luminescence as a reporter of gene expression has been applied to monitor stress responses in 
bacteria. In /w% recombinant bacteria intracellular FMNHi production can been impaired ft)llowing 
a stress, an ef&ct that can be easily monitored via changes in light emission. Using this approach, 
bioluminescence has been used to study the recovery of sublethally injured 
Typhimurium cells following thermal (Ellison et al., 1994; Duffy et al., 1995) and freeze injury 
(Ellison g/aA, 1991).
The advantages of bacterial luminescent gene expression assays have been demonstrated in many
applications over the last ten years (Stewart, 1990; Ellison et al., 1991; Meighen, 1991; Baker et 
al., 1992; Duffy et al., 1995). In the food industry, its use has been studied in the detection of 
specific bacterial pathogens and indicator organisms (Jassim et al., 1990; Stewart, 1990), hygiene
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monitoring where enteric bacteria are used as indicators of poor sanitizing conditions (Baker gf aZ., 
1992), the determination of spore germination and the efficiency of processes for their elimination 
(Stewart gr (f/., 1989) and the detection of the starter culture inhibition during milk, cheese and 
yogurt frrmentation (Stewart, 1990; Ahmad & Stewart, 1991; Meighen, 1991). In these 
applications, bioluminescence has been employed as a monitor of cell viability and functional 
intracellular biochemistry in assays that are rapid, simple, non-destructive and cost efkctive.
The most usefiil application of bioluminescence in food microbiology is considered to be its use to 
discrirninate between bacterial species in a complex microflora. Transformation of iS. Typhimurium 
into a bioluminescent phenotype resistant to ampicillin enabled the reinoculation of a heated 
stationary phase culture of 5*. Typhimurium at times when a high concentration of surviving 
stationary cells was still present. In this later application, of m^or importance was the fact that the 
thermal inactivation of the ampicillin resistant Salmonella strain did not produce an injured 
population sensitive to ampicillin. The majority of studies have shown an effect of selective agents 
on cell recovery following a stress application (Clark & Ordal, 1969; Ray et ah, 1971, Ray, 
1979,1993; Mackey & Derrick, 1982; Clavero & Beuchat, 1995, 1996; Clavero gr oA, 1998; 
Boziaris gr a/., 1998), although others have shown that iiyury may not always render cells sensitive 
to selective agents (Ellison gr a/., 1994; Duffy gf a/., 1995). Whether this occurs will depend on the 
nature of the selective agent and the sort of injury carried by the surviving population.
The thermal inactivation of ^Typhimurium (pSB367) in a previously heated stationary phase 
culture of the parental strain, confirmed the results obtained in the previous chapter and the role of
redox potential in thermal protection. The heat resistance of early (ca.lO^ cfii/ml) and late 
exponential cells (ga.lO^ cfu/ml) of the ampicillin resistant strain was significantly enhanced in a
stationary phase culture of the parental strain that had been heated for 40-min at 55°C. A lower
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level of protection was obtained when cells were heat inactivated in a 10-min heated at 55**C 
stationary culture while protection disappeared after prolonged heating o f culture (70-min) at 55°C. 
Measurement of the redox potential o f heated stationary cultures confirmed that thermal resistance 
and protection were related to their redox potential during heating. Even though the redox potential 
of a stationary culture heated for 10-min was significantly reduced, it was still higher than that 
obtained after the same culture had been heated for 40-min.
The measurement of RpoS induction times in 5^ oZ/?zoMg//a growing in heated stationary-phase 
cultures showed that adaptive gene expression was not responsible for the instantaneous effect on 
heat resistance. Following initiation of the culture at ca .\(f cfu/ml, RpoS was induced in 
Wmozzg/Za at 4h + 4min (± 3min) grown in NB at 37°C. This time was very close to that obtained 
by Aldsworth gr a/., (1998) who found that the RpoS induction time for 5".Typhimurium LT2 
(pSB367) was 4h +6min (± 6min) Allowing initiation o f the culture at 10^  cfti/ml in Luria-Bertani 
broth (LB) supplemented with ampicillin at 37°C.
When grown in a stationary spent medium or a previously heated stationary phase culture of the 
parental strain, the time required for RpoS induction was significantly shorter than in NB. As 
previously mentioned in Section 5.3, nutrient limitation can bring about an increase in intracellular 
RpoS levels (e.g. Lange & Hengge-Aronis, 1995), a condition that can possibly apply in both the 
spent medium and the pre-heated stationary culture. Another possibility would be that a 
component released late during the growth of Salmonella was able to trigger the expression of 
rpoS and remain active even after a heat-treatment of 40-min at 55°C. The later agrees with the 
work of Mulvey g/ (z/., (1990) who ftmnd that a still unidentified heat stable compound present in 
the spent medium fi'om a stationary phase culture o f E.coli was able to induce the expression of the 
W F (zpo5) gene. However, in the previous chapter it was shown that a cell-fi^ ee stationary spent
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medium was not protective indicating that the observed heat resistance efkct and the more rapid 
induction o f RpoS-mediated gene expression were not related.
In this chapter the role of redox potential as a signal aflecting gene expression has been 
studied. In all cases, growth of & Typhimurium (pSB367) at 37°C was characterized by a gradual 
drop in the medium redox potential up to the time o f RpoS induction, at which point, redox 
potential obtained its minimum. Analysis to determine which eSect came first (redox drop or 
RpoS induction) showed that in most cases, redox potential obtained its minimum value at the time 
of RpoS induction, although there were cases in which induction of RpoS occurred minutes be&re 
or after the redox potential minimum. There was no doubt however, that a low redox potential was 
linked with RpoS-induction. The measurement of RpoS induction times in ^aZmo»g//a in an 
artificially reduced medium confirmed the relationship between redox potential and 
expression and the final clue towards the elimination of the role of RpoS-mediated gene expression 
in instantaneous protection. A drop in the redox potential of 40-min heated stationary phase 
S"a/moMg/Za culture to a level similar to that able to con6r an instantaneous thermal protection at 
55°C, resulted in RpoS being induced significantly earlier in the exponential S o^/mo»g//zz 
population. However, the time fi-ame ft)r RpoS induction was still not consistent with the 
instantaneous protection.
The control of gene expression in response to alterations in the redox potential has quite recently 
been the subject of much research and various mechanisms have been proposed by which cells 
sense the changes in redox potential and respond accordingly (Unden g/ ar/., 1990; Demple & 
Amabile-Cuevas, 1991; Gunsalus, 1992; luchi & Lin, 1993; Bespalov gf a/., 1996; Stock, 1997; 
Gostick gr a/., 1998; Bauer gr a/., 1999). Oxidation-reduction (redox) based regulation of gene 
expression has recently been recognized as a fundamental regulatory mechanism, often
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encountered as a 'two con^)onent redox regulatory system' a name widely adopted (e.g. Ding gr 
a/., 1996; Gaudu & Weiss, 1996; Tiwari gr a/., 1996; Hildalgo gf aZ., 1997; Sen, 1998; Bauer gr aZ., 
1999) after the presence of redox sensors and redox response regulators was first established 
(Allen, 1993). Proteins characterized by a redox sensing activity and the ability to control
transcription upon oxidation or reduction are called redox sensors. The control of gene expression 
as a result of their activity is undertaken by the corresponding DNA-binding proteins or redox 
response regulators.
The results so 6r show that protection against thermal inactivation is con6rred instantaneously 
and depends on the physicochemical properties of the heating medium. Adaptation through gene 
expression may be a way the cells can protect themselves fi'om environmental stresses, however, 
this was shown to be a process that took time to initiate a response and thus, could not be used to 
explain the instantaneous effect seen. A suggestion that a molecule able to trigger the induction of 
RpoS-mediated gene expression was extracellularly produced by WmoMgZZa Typhimurium was 
made with redox potential playing a role in this effect. Whether redox potential could act on its 
own as a signal or in close association with the extracellularly produced molecule, if present, are 
questions dealt with in the next chapter.
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6.0 Redox Potential-Mediated rpoS Expression in Salmonella Typhimurium
6.1 Aim
In the prewhus ch%#er k vw# shovm lhat the gfov#h of 3.T^ %dûn%KnHn (pSB367) 
pwxanoatiuMihf uiIutMtecl aiwi ]R^ po!S-incbictioii (DCKXirred sÿgruüïcaiitbf earlier, fbie lorg^ anisrn 
gprotvirys at 37°(] in a pre-Iieadeti statioiiar}^ -]plK%æ cuknre ()r a s%)erü irwediimi fnom a statworKiry- 
phase culture of the parental Salmonella strain. Redox potential was further shown to affect the 
gpno\vth iind onset o:T]R^ po:S-inchiction hi Züa/Miofze/A?. It is the aim of Idih; cluqiter to dkkonmhie 
wliether tlie resqaonses ojF;)rerrKüiire gpmwth irdiHbhio]i aiwd entry into tlwe statioruiry-
ipluise zure itdküed t(i tl%e iireserice (if zi sigfuiIUry? rrKikscide hi tlx; rne(iia zhbie to trigger 
aqmaamn. /m  aRaqk #  A m h#n% deto h d crak w p d b n & d ta  ffe mokohe
producing and sensing abilities of ^ Typhimurium (pSB367) in a more practical situation. To do 
this. Salmonella growth is monitored in mixed cultures with other Gram-negative and Gram- 
positive competitor organisms. The premature growth inhibition, Jameson effect, and thus, entry 
hito statioruiry-ptuise arwi RpoS-indhicthinin inmixaxi crdture with crdier ccmqietitor
CHnganhams, is studied zihiryrsidetlie ctwMy?e hi rechocijpchxsnthiliiiuiry? mixexi gpxiwthu C:oiiqicmn(is 
fMnochicexi esctracelluJarly Iby (zonqietrkir ()rgzuihsnis in (ÜQèanant grrowtli pluses, zis vvell as ixxicrx 
potential manipulation during growth in pure and mixed cultures are used in experiments 
designed not only to explain but also abolish the Jameson effect.
6.2 Summary
In a mixed culture, the multiplication of a minority population of Salmonella was inhibited when 
conqxüh^(hanï^egaüve(Mgpnh%Menü%ed ffe ab±kuBry;d%Be. Tins \vœ not seen lahen the 
conqxthyr Qom (Innn-positive. The change hi oxkkükn^feihKkkm poknühd (nxbx
potential) during growth in mixed cultures was closely linked to the inhibition of Salmonella 
growth by Gram-negative competitors.
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Redox potential declined slowly during the initial period when the multiplication of Salmonella 
was not inhibited. It then dropped more rapidly and attained its minimum value at the time when 
the Gram-negative competitors entered the stationary phase. Entry o f the into
stationary phase and induction of RpoS-mediated gene expression occurred shortly before or 
aAer the minimum redox potential was reached. Manipulation of redox potential showed that 
redox potential can affect the onset of RpoS-induction in Salmonella. An artificially induced 
drop in redox potential earlier during growth both in pure and mixed cultures with Gram- 
negative organisms reduced the time to RpoS-induction in Salmonella and thus inhibited its 
multiplication prematurely. In contrast, RpoS induction and growth inhibition were prevented 
under high redox potential conditions. In an oxidized environment, RpoS induction could be 
restored by subsequent reduction only when was growing in the presence of
P.aeruginosa. Induction of RpoS was permanently inhibited by oxidation in pure culture or in 
the presence of other Gram-negative competitors.
The on/off switch mechanism of RpoS-induction in based on environmental redox
potential involves compounds produced by Gram-negative con^titors, which differed in their
redox sensitivity, produced extracellularly by the Gram-negative competitors. These compounds 
could be separated by solvent extraction. They appear to be activated by the low redox potential 
established late during the growth of Gram-negatives, including Salmonella, and are able to 
reduce significantly the time to RpoS-induction and entry into stationary phase in WTMOMg/Za 
grown in pure culture. The conqx)und(s) produced by are irreversibly
damaged by oxidation and have no effect on RpoS-induction. species produce
compounds able to regain their RpoS-inducing activity upon reduction.
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6.3 Introduction
The interactions between microbial populations in mixed cultures have been divided into six 
mainly categories: con^tkion, commensalism, mutualism, amensalism, predation, and 
parasitism while it is only rarely that two populations in a mixed cukure do not interact (KraA gf 
a/., 1976). In foods, bacterial interactions become extremely important when attempting to detect 
and isolate a specific organism fi-om materials that contain a varying and complex microfiora.
In 1962, Jameson described the interaction between organisms in mixed cultures which is now 
known as the Jameson efkct. According to this, the mukiplication of the minority organism in a
mixed culture is inhibited once the competitor Gram-negative organism enters the stationary- 
phase. No inhibition is observed when the competitive flora is Gram-positive. Since then, further 
studies have shown that such inhibition is not a result o f depletion in essential nutrients, change 
in pH or presence of toxic metabolic products (Schiemann & Olson, 1984; Abbiss, 1986; Davies 
et a l, 1991) but a result of the so called ‘metabolic crowding’ due to a limk on the number of 
actively metabolizing cells a medium can support (Schiemann & Olson, 1984).
Over the years, the detection of Salmonella fi-om foods has been a growing challenge. A 
commonly practised, sensitive and reliable method for its isolation can take up to 4 days to 
provide a negative result, a time extended by about 2 days in the case o f a resuk identified as a 
presumptive positive. Attempts towards the replacement of this time-consuming and laborious 
method involving pre-enrichment, enrichment, selective plating, biochemical and serological 
tests have resuked in the development of a variety of rapid methods (D’Aoust, 1981; Andrews, 
1985; Mattingly et al., 1985; Swaminathan et al., 1985; Ibrahim, 1986; Oggel et al., 1990; Feng, 
1992).
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The Jameson eflect will reduce the efhciency of enrichment stages in the isolation procedure. 
Understanding its basis and overcoming it will therefi)re, help improve the available
methodology.
6.4 Methods and Materials
6.4.1 Bacterial Strains
^67Z7»o»gZZa Typhimurium (GpB 1.4.5.12:11.2), fiom the University of Surrey coUection, was 
transformed into a bioluminescent, ampicillin (50pg/ml) resistant phenotype, ^.Typhimurium 
(pSB367), after the incorporation of the constitutive ZwxCD^RE expression plasmid pSB367 as
described in Chapter 5.
EjcZzgncZzf^ f goZZ (NCTC 9001), CZ/ro^acfgr yrgwWZZ (NCTC 6071), f.ygWo7MO»6ff agn/gZMO^ a 
(USCC 2186), r^qpZzyZogoggMf aMrgwj: (NCTC 6571) and E»lgmgoggw^yàggaZz.y (NCTC 8213), 
from the University of Surrey collection, were utilized in competitor studies.
Cultures were maintained on slopes o f Nutrient agar (NA) or NA supplemented with 50pg/ml 
anq)icillin (NA-amp50) for S".Typhimurium (pSB367). Cells were resuscitated by growing to 
gfz lO^  cfu/ml in NB (10ml) or NB supplemented with 50pg/ml ampicillin (NB-amp50)
respectively, incubated statically at 37°C for 18h.
6.4.2 Cell-Culture Preparation
Resuscitated cultures were diluted tenfold in MRD for inoculation of pre-warmed (to 37"'C) 
100ml NB and NB-amp50 fi)r ^Typhimurium (pSB367), to give initial suspensions of ca. 1 
cfu/ml. Broths were incubated without shaking at 37T  for 18h to obtain stationary (ca.lO^
cfu/ml) phase cultures as determined by previous growth curve studies.
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These were immediately centrifuged (6,500 x g for 20 min at 20°C) and cell-pellets were 
resuspended in 10ml fresh NB.
6.4.3 Growth Studies
NB (100ml) was inoculated with cells from an overnight culture of 5*.Typhimurium (pSB367) at 
an initial concentration of ca. lO'* cfu/ml (axenic control culture). In the competitor studies, each 
difkrent competitor organism, grown overnight in NB, was added to the at an initial
concentration of ca. l&  cfu/ml. Cultures were incubated without shaking at 37°C for 9h. For 
enumeration, one ml samples were taken every hour and diluted appropriately in MRD prior to 
0.05ml half spread plating on NA and NA-amp50. In this way, both competitor organism and 
Salmonella could be recovered on the non-selective NA plates and Salmonella alone on NA- 
amp50 plates. Initial experiments (Section 5.5.2.1) had shown that there was a 100% recovery of 
the ampicillin resistant Salmonella strain on the NA-amp50 plates compared with the 
unsupplemented NA plates regardless of whether NB was supplemented with ampicillin during 
growth.
During growth, lOOpl samples were taken at intervals for bioluminescence monitoring using a 
Luminoscan luminometer (Lab-systems Ltd. Basingstoke, Hants, UK) in which bioluminescence
was integrated over a 10-sec counting period. Growth and bioluminescence data were used to 
calculate the induction time for RpoS-mediated gene expression in Salmonella in exactly the 
same way as previously described (Chapter 5; Section 5.4.7).
Oxidation-reduction potential (redox potential) and pH were measured throughout growth in 
pure and mixed cultures at 37°C as described in Chapter 5 (Section 5.4.8). Mean (of 5 trials) 
redox potential values, corrected to pH 7, were plotted against incubation period at 37°C.
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6.4.4 Redox Potential Studies
The redox potential during growth of ^ Typhimurium (pSB367) in pure and mixed cultures with
Gram-negative and Gram-positive competitors was artificially manipulated by the addition of 
oxidizing (potassium ferricyanide) and/or reducing agents (dithiothreitol: DTT).
DTT alone at a final concentration of 0.00IM in the growth medium was added at t=1.5h during 
the growth of the axenic control. DTT was added at the same concentration at t=0.5h and t=1.5h 
during growth of Salmonella in the presence of Gram-negative competitors and at t=1.5h and 
t=3.5h during growth in the presence of Gram-positive conq)etitors.
Potassium ferricyanide was added at a final concentration of 0.003M in the growth media at 
t=4.5h during growth of the axenic control and at t=2.5h in mixed cultures with E.coli and
In studies in which a combination o f oxidizing and reducing agent was used, the fi)rmer was
added at t=2.5h and the later at t=4.5h during the growth of the axenic control or during growth 
in mixed cultures with E.coli and P.aeruginosa.
Enumeration of both WwoMg/Za and conq)etitors was carried out as previously indicated using 
NA and NA-amp50 plates, while bioluminescence and redox potential were both monitored
throughout the whole incubation period at 37®C.
6.4.5 Extracellular Signalling Compound Studies
a) All Gram-negative competitor organisms, and the parental strain were grown in
NB at 37°C to early (4.5h), late exponential (8.5h) and stationary-phase (18h) as indicated by
previous growth experiments for each organism. Cultures were centrifuged twice (48,400 x g for 
20min at 20°C) and the supernatants were extracted twice with equal volumes of ethyl acetate. 
Water was removed fi-om the extracts by the addition of anhydrous magnesium sulfate.
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Before solvent evaporation, carried out in a rotary evaporator, was completed, 1ml of sterile 
water was added and retained through evaporation. lOOpl of each different extract, dissolved in 
1ml of sterile water, was added separately at the beginning (t=Oh) during growth of the axenic 
control in NB at 3TC. Extracts from the supernatants of Gram-positive stationary-phase cultures 
were also prepared and treated in the same way.
b) The supernatants from the stationary cultures of all Gram-negative competitors, obtained as 
previously described, including that of the parental Salmonella strain, were oxidized by 
potassium ferricyanide added at a final concentration of 0.003M. Extracts from the oxidized 
supernatants were prepared as previously indicated and added at t= lh  during the growth of the 
axenic control in NB at 3TC.
c) Oxidized supernatants from each different competitor organism, including the parental 
Salmonella strain, were reduced by the addition of DTT at a final concentration of O.OOIM 
before extracts were prepared and added at t=lh during the growth of ^ .Typhimurium (pSB367) 
in pure culture.
All extracts were prepared and used immediately. In all cases, redox potential and 
bioluminescence were monitored throughout incubation at 3TC together with growth 
enumeration of the ampicillin resistant Salmonella strain on NA-amp plates.
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6.5 Results
6.5.1 Growth Studies
6.5.1.1 Growth of 5.Typhimurium (pSB367) in Pure Culture at 37®C
^.Typhimurium (pSB367) was grown in pure culture in NB at 37°C. Previous experiments 
(Chapter 5) had shown that the absence of ampicillin during growth in NB did not affect the 
growth and light emission of the organism at 37®C. Starting at an initial concentration of ca.lO"  ^
cfu/ml, Salmonella entered the stationary phase after about 6h with a concentration of 10*-10  ^
cfii/ml. Bioluminescence data combined with growth enumeration results showed that RpoS- 
induction in Salmonella happened at t=6h (± 8 min) (Figure 6.1).
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Figure 6.1 Induction of RpoS in 5*.Typhimurium (pSB367) grown in pure culture in NB at 37®C. 
RpoS induction time derived fi-om the intersection of the lines drawn through the stationary and 
exponential portions of the growth (♦ , logio cfii/ml) and bio luminescence (•, logio relative light 
unit; RLU) curves (black arrow on the x-axis). All data are the mean of five trials.
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The redox potential was significantly reduced during growth (Figure 6.2). Equilibrated to 3TC, 
NB had a mean redox potential of 338.02 (± 14) mV. This was gradually reduced to a mean of 
205 (± 23) mV five hours after inoculation with Salmonella. A more rapid and dramatic drop in 
the redox potential occurred between t=5h and t=6h, with a minimum redox potential (-48.41+ 
12.29 mV) at t=6h, the time Salmonella entered the stationary phase. Redox potential then 
slowly increased to a mean value of 40.12 (± 8.52) mV at the end of the incubation period.
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Figure 6.2 Change in redox potential during growth of ^ Typhimurium (pSB367) in pure culture 
in NB at 3TC. Redox potential results are the mean of five trials corrected to pH 7.
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The results shown in Figure 6.2, in which redox potential was monitored mostly every hour, 
suggested that redox potential obtained its lowest value at t=6h. Experiments were repeated and 
redox potential values recorded every lOminutes for the period between 5-7h during growth 
(Figure 6.3), confirmed this. At t=5h (300min), redox potential had a mean value of 196.12 (± 
6.33) mV. Over the next hour, redox potential dropped rapidly more than 30mV every 10 
minutes. At t=6h (360min), the redox potential reached its lowest value o f -60.13 (± 10.12) mV 
followed by a slow and gradual increase of lOmV until it reached a value o f —10.21 (± 10.01) 
mV at t=7h (420min).
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Figure 6.3 Change in redox potential and pH an hour before and after ^Typhimurium (pSB367) 
entered the stationary phase (t=360min ± 8min) in pure culture at 37^C. All data are the mean of 
five trials. Redox potential values are corrected to pH 7.
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No change in pH was observed during this period (Figure 6.3). The pH of NB equilibrated at 
37”C had a mean value of 6.92. At t=6h, the time the organism entered the stationary phase, pH 
had a mean value of 6.93 and a value of 6.94 was recorded at the end of the incubation period.
6.5.1.2 Growth of ^ .Typhimurium (pSB367) in Mixed Cultures
6.5.1.2.1 Growth of S'.Typhimurium (pSB367) in Competition with E.coli
The multiplication of ^'.Typhimurium (pSB367) was inhibited in mixed culture with E.coli after 
about 4h, when E.coli entered the stationary phase. At that time Salmonella also entered the 
stationary phase but with a concentration of about 10  ^ cfu/ml, 21og lower than that attained in 
pure culture (Figure 6.4).
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Figure 6.4 ^.Typhimurium (pSB367) grov^h inhibition and change in redox potential in
mixed culture with K coli at 3TC. At t=4h during growth, E.coli entered the stationary phase. 
Salmonella growth was inhibited and RpoS was induced in Salmonella (black arrow on the x- 
axis). All data are the mean of five trials.
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Induction of RpoS in Salmonella occurred at t=4h (± 6min), significantly earlier (P<0.05) than in 
pure culture.
The change in redox potential during growth in mixed culture with E.coli (Figure 6.4) was 
similar to that in pure culture. At the time E.coli entered the stationary phase (t=4h), redox 
potential obtained its lowest value throughout growth (-130 ± 11.42 mV) a value significantly 
lower than when Salmonella, grown in pure culture, entered the stationary phase at t=6h (± 
8min). The redox potential gradually decreased over the first three hours of mixed growth to a 
value of 221.52 (± 16.83) mV at t=3h (Figure 6.4). In the hour that followed, until E.coli entered 
the stationary phase (t=4h), the redox potential rapidly decreased to -141.2 (± 6.47) mV at t=4h 
(240min). It then started to rise slowly to a value o f -53.2 (± 11.04) mV an hour later (t=5h; 
300min) (Figure 6.5).
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Figure 6.5 Change in redox potential and pH an hour before and after 5'.Typhimurium (pSB367) 
entered the stationary phase (t=240min ± 6min) in mixed culture with E.coli at 37°C. All data are 
the mean of five trials. Redox potential values are corrected to pH 7.
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No change in pH was observed during this period (Figure 6.5) and throughout the whole 
incubation at 37®C. pH values did not fall beyond a value of 6.89, indicating that inhibition in the 
multiplication oiSalmonella in mixed culture with E.coli, was not pH-related.
6.5.1.2.2 Growth of S.Typhimurium (pSB367) in Competition with C. freundii
The growth of & Typhimurium (pSB367) in mixed culture with C.freundii did not differ from 
that in the presence o f E.coli. C.freundii entered the stationary phase at t=4h with a concentration 
of ca. 10^-10^ cfu/ml. Salmonella whose growth was not affected by the competitor organism 
until that time, entered the stationary phase at t=4h + 2min (± 3min), the time of RpoS induction 
in Salmonella, with a concentration of ca.lO^ cfu/ml, more than 21og lower than in pure culture 
(Figure 6.6).
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Figure 6.6 ^'.Typhimurium (pSB367) growth inhibition and change in redox potential in
mixed culture with Citrohacter freundii at 37®C. At t=4h during growth, C.freundii entered the 
stationary phase. Salmonella growth was inhibited and RpoS was induced in Salmonella (black 
arrow on the x-axis). All data are the mean of five trials.
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The relationship between redox potential, Salmonella growth inhibition and RpoS-induction was 
similar to that in mixed culture with E.coli. At the time the competitor organism entered the 
stationary phase (t=4h), redox potential was at its rninimum value of -220.80 (± 3.34) mV 
(Figure 6.6). This was significantly lower (f<0.05) than that obtained in pure culture when 
Salmonella entered into the stationary phase. Redox potential then increased slightly to a mean 
value o f -175.52 (± 6.33) mV at t=5h and remained fairly constant for the rest of the incubation 
time. Following the change in redox potential between t=3h and t=5h during growth (Figure 
6.7), it was shown that redox potential fell by about 455mV over the 60-min period prior to the 
competitor, C.freundii, entering the stationary phase (3-4h) and did reach its lowest value at t=4h 
(240min).
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Figure 6.7 Change in redox potential and pH an hour before and after ^'.Typhimurium (pSB367) 
entered the stationary phase (t=242min ± 3min) in mixed culture with C.freundii at 37®C. All 
data are the mean of five trials. Redox potential values are corrected to pH 7.
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Once more, Salmonella growth inhibition by the competitor C.freundii was not pH-related 
(Figure 6.7). Starting with an initial mean pH of 6.94 at t=Oh, no change was observed 
throughout growth while at the end of the incubation period (t=9h), values recorded had a mean 
of pH = 6.94.
6.5.1.2.3 Growth of S'.Typhimurium (pSB367) in Competition with P. 
aeruginosa
The effect of P.aeruginosa on the growth of ^Typhimurium (pSB367) was similar to that 
described previously for the other two Gram-negative competitor organisms. P. aeruginosa, 
entered the stationary phase at t=4h with a concentration close to 10  ^ cfii/ml and Salmonella 
entered the stationary phase prematurely at t=4h + 5min (± 6min) (Figure 6.8), the time of RpoS- 
induction in Salmonella.
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Figure 6.8 & Typhimurium (pSB367) growth inhibition and change in redox potential in
mixed culture with R  aeruginosa at 37°C. At t=4h, P.aeruginosa entered the stationary phase. 
Salmonella growth was inhibited and RpoS was induced in Salmonella (black arrow on the x 
axis). All data are the mean of five trials.
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The change in redox potential and pH during growth was the same as described for E.coli and 
C.freundii. At t=4h, when the competitor P.aeruginosa, entered the stationary phase, the redox 
potential reached its minimum o f -225.74 (± 8.39) mV (Figure 6.8). It then started to increase 
slightly to a value o f -203.37 (± 8.32) mV at t=5h and reached a mean value o f -180.70 (± 8.92) 
mV at the end of the incubation period (t=9h). The fact that redox potential obtained its lowest 
value the time the competitor entered the stationary phase (t=4h), was shown by monitoring 
redox potential every ten minutes for the period t=3-5h (Figure 6.9).
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Figure 6.9 Change in redox potential and pH one hour before and after ^.Typhimurium 
(pSB367) entered the stationary phase (t=245min ± 6min) in mixed culture with P.aeruginosa at 
37°C. All data are the mean of five trials. Redox potential values are corrected to pH 7.
Between t=3h and t=4h, redox potential decreased by about 460mV, fi-om a mean value of 231 (± 
8.16) mV at t=3h to a mean o f -229.1 (± 10.23) mV at t=4h. In the next 60min, an increase of 
about 27mV led to a mean redox potential of-196.4 (± 13.14) mV at t=5h. No change in pH was 
observed during that time.
146
Chapter 6 Redox Potential-Mediated rpoS Expression in Salmonella Typhimurium
6.5.1.2.4 Growth of S.Typhimurium (pSB367) in Competition with 
Staph, aureus and Entfaecalis
and entered the stationary phase at t=4h at concentrations o f 10 -^10^
cfti/ml (Figure 6.10 and 6.11), the same as previously seen ft)r the Gram-negative competitors. 
However, entry of the Gram-positive competitors into stationary phase was not accon^anied by 
inhibition of multiplication. The later continued to grow unafiected and entered the
stationary phase as normal (as in pure culture) at a concentration of 10 -^10  ^cfti/ml.
The change in redox potential during growth also resembled that of pure culture. At t=4h, when 
the Gram-positive competitors entered the stationary phase, redox potential had a mean value of 
257.53 (± 9.67) mV and 205.53 (± 9.03) mV with and respectively
(Figure 6.10 and 6.11). These values were significantly higher (f>0.05) than those seen when 
Gram-negative competitors entered the stationary phase in mixed culture with Salmonella. 
Redox potential was lowest when Salmonella entered the stationary phase unaffected by the 
presence of the Gram-positive competitors.
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Figure 6.10 Growth of 5 .Typhimurium (pSB367) and change in redox potential in mixed 
culture with Staph, aureus at 37°C. At t=4h. Staph, aureus entered the stationary phase while 
Salmonella continued to grow unaffected. Entry of Salmonella into the stationary phase and 
RpoS-induction happened at t=5h +54min (± 2min)(black arrow on the x-axis). All data are the 
mean of five trials.
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Figure 6.11 Growth of 5 .Typhimurium (pSB367) and change in redox potential in mixed 
culture with Entfaecalis at 37°C. At t=4h, Ent.faecalis entered the stationary phase while 
Salmonella continued to grow unaffected. Entry of Salmonella into the stationary phase and 
RpoS-induction happened at t=5h +52min (± 3min)(biack arrow on the x-axis). All data are the 
mean of five trials.
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In competition with Staph, aureus and Ent.faecalis, Salmonella entered the stationary phase at t= 
5h +54min (± 2min) and t=5h + 52min (± 3min) respectively which was the time RpoS was 
induced in Salmonella. This was significantly longer than the time required for RpoS induction 
in mixed culture with Gram-negative competitors but was not significantly different fi-om that in 
pure culture.
RpoS induction in Salmonella in mixed culture with the Gram-positive competitors occurred 
minutes before redox potential reached its minimum (t=6h). In separate experiments, redox 
potential values recorded an hour before and after Salmonella entered the stationary phase (t=5- 
7h) showed that the redox potential was rapidly and significantly reduced an hour before 
Salmonella entered the stationary phase and obtained its lowest at t=6h, shortly after RpoS 
induction (Figure 6.12).
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Figure 6.12 Change in redox potential (-•-) and pH (-♦-) an hour before and after 
& Typhimurium (pSB367) entered the stationary phase in mixed culture with Staph.aureus and 
Entfaecalis at 37°C. All data are the mean of five trials. Redox potential values are corrected to 
pH 7.
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At t=5h +50min (350min), the redox potential had a mean value o f -23.4 (± 9.16) mV and -16.4 
(± 8.13) mV with and respectively. Ten minutes later and at t=6h
(360min), redox potential dropped to its minimum o f -46.1 (± 10.06) mV and -52.1 (± 7.16) mV 
respectively, values very close to that obtained at the same time period in pure culture (-48.41 (± 
12.29) mV; Figure 6.2).
6.5.2 Redox Potential Studies
6.5.2.1 Effeet of Redox Potential on RpoS-Induction Time in 51 Typhimurium 
(pSB367) Grown in Pure Culture at 37®C
An artificially induced drop in redox potential early during growth in pure (t=1.5h) culture 
significantly reduced (f<0.05) the time to RpoS-induction in ^Typhimurium (pSB367) (Figure
6.13). RpoS induction time was reduced Ifom 6h (± 8min) to 4h + 24min (± 4min).
The effect of redox potential on RpoS-induction was not immediate. There was a delay of about 
3 hours before RpoS induction occurred (Figure 6.14). This delay corresponded to the time 
required fi)r population to reach ca. 10 -^10  ^cfu/ml, very close to its level at the same
time during growth under normal conditions.
Addition of DTT reduced redox potential to a mean o f -16.26 (± 6.91) mV recorded at t=2h, and
maintained fairly level for the rest of the incubation period (Figure 6.14). Addition of DTT had 
no effect on the pH during growth.
150
Chapter 6 Redox Potential-Mediated rpoS Expression in Salmonella Typhimurium
Time (h)
4.5
3.5
_ioc
c
3s
0.5
10 118 965 72 3 410
8
:!
: t
S2 S
1
0
Figure 6.13 Induction of RpoS in 5'.Typhimurium (pSB367) at 37”C following an artificially 
induced drop in redox potential by DTT at t=1.5h during growth in pure culture. RpoS induction 
time derived from the intersection of the lines drawn through the stationary and exponential 
portions of the growth (♦ , logio cfu/ml) and bio luminescence (•, logic relative light unit; RLU) 
curves (black arrow on the x-axis). All data are the mean of five trials.
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Figure 6.14 Effect of an artificially induced drop in redox potential mV) on the growth (-♦- 
; logic cfu/ml) and RpoS-induction (arrows on the x-axis) in 5'.Typhimurium (pSB367) at 37°C. 
Under normal conditions in pure culture, RpoS was induced in Salmonella at t=6h (± 8min) 
(pink arrow on x-axis). Following a drop in redox potential by DTT at t=1.5h, RpoS was 
induced significantly earlier, at t=4h +24min (± 4min) (blue arrow on x-axis). All data are the 
mean of five trials.
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An artificially induced increase in redox potential early during the growth had exactly the 
opposite result. An increase in redox potential at t=4.5h (Eh = 375.48 ± 17.38 mV, recorded at 
t=5h), did not affect Salmonella growth (Figure 6.15): Salmonella continued to grow until it 
reached a concentration of 10^-10^ cfu/ml, when it entered the stationary-phase.
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Figure 6.15 Effect of an artificially induced increase in redox potential (-•-; mV) on the growth 
(-♦-; logio cfu/ml) of 5'.Typhimurium (pSB367) in pure culture at 37°C. Under normal 
conditions in pure culture, RpoS was induced in Salmonella at t=6h (± 8min) (pink arrow on 
x-axis). An increase in redox potential by potassium ferricyanide at t=4.5h did not affect 
Salmonella growth. All data are the mean of five trials.
Extrapolation of the line passing through the exponential and stationary portions of the growth 
curve of Salmonella on the x-axis showed that Salmonella entered the stationary phase at t= 6h + 
9min (± 7min) but RpoS induction was completely prevented (Figure 6.16). To see whether 
RpoS induction was permanently inhibited in Salmonella following oxidation, a separate 
experiment was carried out in which oxidation at t=2.5h was followed by reduction at t=4.5h 
during growth. The results showed that while Salmonella grew unaffected by redox potential 
manipulation and entered the stationary phase as normal at t= 6h + 13min (± 5min), RpoS 
induction was permanently and irreversibly inhibited by oxidation (Figure 6.17).
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Figure 6.16 Effect of an artificially induced increase in redox potential on the growth (♦ , logio 
cfu/ml) and RpoS-induction (•, logic relative light unit; RLU) in & Typhimurium (pSB367) 
grown in pure culture at 37®C. Salmonella entered the stationary phase at t=6h + 9min (± 7min) 
(black arrow on x-axis), while induction of RpoS was inhibited. All data are the mean of five 
trials.
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Figure 6.17 Effect of redox potential manipulation (oxidation-reduction) (•, mean Eh; mV) on 
the growth (♦ , logic cfii/ml) and RpoS-induction (□, logic relative light unit; RLU) in 
5.Typhimurium (pSB367) in pure culture at 37°C. Salmonella entered the stationary phase at 
t=6h + 13min (± 5min) (black arrow on x-axis), while induction of RpoS was irreversibly 
inhibited by oxidation. All data are the mean of five trials.
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Addition of potassium ferricyanide at t=2.5h during growth increased redox potential to 389.2 ± 
7.16 mV, recorded at t=3h. Addition of dithiothreitol at t=4.5h dropped the redox potential to 
76.2 ± 5.49 mV, recorded at t=5h during growth, maintained at this low level until the end of the 
incubation period (t=9h).
6.S.2.2 Effect of Redox Potential on RpoS-Indaction Time in 5.Typhimurium 
(pSB367) Grown in Mixed Culture with E.coli at 37”C
An artificially induced drop in redox potential early during the growth of Salmonella in mixed 
culture with E.coli significantly reduced the time to RpoS-induction in the ampicillin resistant 
Salmonella strain by about 1 hour (Figure 6.18).
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Figure 6.18 Efifect of an artificially induced drop in redox potential mV) on the growth (-♦- 
; logio cfii/ml) and RpoS-induction (arrows on the x-axis) in & Typhimurium (pSB367) in mixed 
culture with E.coli at 2>TC. Under normal conditions in mixed culture, RpoS was induced in 
Salmonella at t=4h (± 6min) (green arrow on x-axis). RpoS-induction was brought significantly 
forward by about 1 hour (black arrow on x-axis) following a drop in redox potential by DTT 
both at t=0.5h or t=1.5h. All data are the mean of five trials.
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RpoS was induced significantly earlier in 5"a/7M0»g//a when the redox potential was artificially 
reduced earlier during growth. Addition of DTT at t=0.5h or t=1.5h, dropped the redox potential 
to -7.82 (± 13) mV and ^ 4 .78  (± 11.32) mV, recorded at t=lh and t=2h respectively (Figure
6.18). RpoS induction however, was not immediate. Decreasing the redox potential at t=0.5h or 
t=1.5h, resulted in RpoS being induced in Salmonella at t=3h +3min (± 3min) and t=3h (± 5min) 
respectively, an hour earlier than under normal growth conditions in mixed culture. The time 
between redox drop and RpoS-induction corresponded to the time required to reach
about 10  ^ cfu/ml, the same concentration with which the organism had entered the stationary 
phase (at t=4h ± 6min) in competition v^ ith ÆcoZz under normal growth conditions.
Decreasing the redox potential did not afikct the growth of the competitor. E.co/f, entered the
stationary phase at t=4h as normal with a concentration of 10^-10^ cfu/ml. The redox potential 
(Figure 6.18) showed a second drop at t=4h, the time E.co/f entered the stationary phase.
Normally, in mixed culture with E.coli and at t=4h, redox potential had a value of -130.27(± 
11.42) mV. Similar redox potential values [-131.36 ± 10.08 mV and -141.78 ± 8.67 mV] were 
obtained at t=4h, following redox potential manipulation by DTT at t=0.5h and t=1.5h 
respectively.
An artificially induced increase in the redox potential earlier (at t=2.5h) during growth in mixed 
culture with E.co/z, inhibited RpoS-induction permanently and irreversibly as in the case of 
grown in pure culture, previously described. When potassium 6rricyanide was added
at t=2.5h during mixed growth the redox potential increased to 405.36 ± 12.28 mV (value 
recorded at t=3h; Figure 6.19).
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Figure 6.19 Effect of an artificially induced increase in redox potential mV) on the growth 
logio cfii/ml) of 5'.Typhimurium (pSB367) and E.coli logio cfu/ml) in mixed culture. 
Under normal conditions in mixed culture, Salmonella entered the stationary-phase at t=4h (± 
6min) (pink arrow on x-axis: RpoS-induction), the time the competitor entered the stationary- 
phase. Following an increase in redox potential at t=2.5h, E.coli, entered the stationary-phase at 
t=4h however, Salmonella continued to grow unaffected and entered the stationary-phase at t=6h 
+4min (± lOmin) (blue arrow on x-axis). All data are the mean of five trials.
The growth of the competitor E.coli was not affected and entered stationary phase at t=4h as 
normal. However, multiplication of Salmonella was not inhibited at that time. The organism 
grew unaffected and entered the stationary phase at t=6h + 4min (± lOmin), at a concentration of 
10^-10^ cfii/ml. However RpoS-induction in Salmonella was inhibited even though the organism 
entered the stationary-phase (Figure 6.20).
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Figure 6.20 EfiFect of an artificially induced increase in redox potential on the growth (♦ , logio 
cfu/ml) and RpoS-induction (•, logic relative light unit; RLU) in S'.Typhimurium (pSB367) in 
competition with E.coli at 3TC. Salmonella entered the stationary phase at t=6h + 4min (± 
lOmin) (black arrow on x-axis), while induction of RpoS was inhibited. All data are the mean 
of five trials.
Oxidation of the growth medium at t=2.5h followed by reduction at t-4.5h did not restore RpoS- 
induction (Figure 6.21). Addition of potassium ferricyanide at t=2.5h during mixed growth, 
increased the redox potential to 389.12 (± 8.13) mV at t=3h. Addition of dithiothreitol at t=4.5h, 
dropped the redox potential to 60.12 (± 10.11) mV which was maintained until the end of the 
incubation period. This redox potential manipulation (oxidation-reduction) did not have any 
effect on the growth of the competitor E.coli: the organism entered the stationary phase at about 
t=4h, as normal. The multiplication of Salmonella was not inhibited by the competitor entering 
the stationary phase. The organism continued to grow unaffected and entered the stationary 
phase at t=6h (± 3min). Inhibition of RpoS-induction in Salmonella was maintained throughout 
the incubation period (t=9h).
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Figure 6.21 Effect of redox potential (•, mean Eh; mV) manipulation (oxidation-reduction) on 
the growth of Typhimurium (pSB367) (♦ , logio cfii/ml), E.coli (- logic cfu/ml) and RpoS- 
induction (□, logic relative light unit; RLU) in ^.Typhimurium (pSB367) in mixed culture at 
37°C. E.coli entered the stationary phase at about t=4h without inhibiting Salmonella 
multiplication: the organism continued to grow unaffected and entered the stationary phase at 
t=6h (± 3min) (black arrow on x-axis), while induction of RpoS was irreversibly inhibited by 
oxidation. All data are the mean of five trials
6.5.2.3 Effect of Redox Potential on RpoS-Induction Time in S.Typhimurium 
(pSB367) Grown in Mixed Culture with P.aeruginosa at 37®C
An artificially induced drop in redox potential earlier during mixed growth with P.aeruginosa
inhibited Salmonella growth prematurely. A drop in redox potential at t=0.5h or t=1.5h during
growth, resulted in RpoS being induced in Salmonella at t=3h +9min (± 4min) and t= 3h (±
2min) respectively (Figure 6.22). At these times. Salmonella entered the stationary phase at a
concentration of about 10  ^cfii/ml the same level seen under normal conditions in mixed culture.
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Figure 6.22 Effect of an artificially induced drop in redox potential mV) on the growth (-♦- 
; logio cfii/ml) and RpoS-induction (arrows on the x-axis) in S'.Typhimurium (pSB367) in mixed 
culture with P.aeruginosa at 37°C. Under normal conditions in mixed culture with 
P.aeruginosa, RpoS was induced in Salmonella at t=4h +5min (± 6min) (green arrow on x- 
axis), a time brought significantly forward by about 1 hour (black arrow on x-axis) following a 
drop in redox potential by DTT at t=0.5h or t=1.5h. All data are the mean of five trials.
Once more, there was a delay between the artificially induced drop in redox potential and RpoS 
induction, indicating that redox potential was related to RpoS induction but was not the only 
factor that affected it. This delay corresponded to the time Salmonella required to reach the 
concentration of 10  ^cfii/ml in the medium.
The artificially induced drop in redox potential earlier during growth was significantly lower 
than the drop observed under normal conditions in mixed culture, when the competitor 
P.aeruginosa entered the stationary phase (-225.74 ± 8.39 mV; Figure 6.8). Addition of DTT at 
t=0.5h or t=1.5h, reduced redox potential to -17.25 (± 9.96) mV and -56.30 (± 12.04) mV, 
values recorded at t= lh  and t=2h respectively (Figure 6.22).
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As in the case of E.co/f, described in the previous section, the growth of the conq)etitor 
was unafkcted by the artificial drop in redox potential, entered the
stationary phase at t=4h at the normal concentration of 10 -^10  ^ cfu/ml. Entry into stationary 
phase (at t=4h) produced a second drop in redox potential with redox potential values o f -233.75 
(± 7.09) mV and -240.36 (± 11.59) mV Allowing redox manipulation at t=0.5h and t=1.5h 
respectively.
An artificially induced increase in redox potential early during growth in competition with 
allowed Sa/moweZ/a to grow completely unafkcted by the competitor organism
(Figure 6.23). Addition of potassium ferricyanide at t=2.5h during mixed growth, did not affect 
the competitor organism. P.aeruginosa entered the stationary-phase as normal at about t=4h. 
However, growth was not inhibited at that time: it grew as in pure culture and
entered the stationary-phase at t=6h +5min (± 12min) at a concentration of about 10^-10^ cfu/ml. 
RpoS-induction in was inhibited by oxidation at t=2.5h during mixed growth with
(Figure 6.24), in the same way as previously described in pure culture and in 
mixed culture with E.coli.
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Figure 6.23 Effect of an artificially induced increase in redox potential mV) on the growth 
logio cfii/ml) of 6".Typhimurium (pSB367) and P.aeruginosa logic cfii/ml) in mixed 
culture. Under normal conditions in mixed culture. Salmonella entered the stationary-phase at 
t=4h+5min(± 6min) (pink arrow on x-axis: RpoS-induction). Following an increase in redox 
potential at t=2.5h, P.aeruginosa entered the stationary-phase at t=4h however, Salmonella 
continued to grow unaffected and entered the stationary-phase at t=6h +5min (± 12min) (blue 
arrow on x-axis) All data are the mean of five trials.
10
9
8
7
6 o>
5
4
3 0.5
2
1
0
10986 753 4210
Time (h)
Figure 6.24 EfiFect of an artificially induced increase in redox potential on the growth (♦ , logic 
cfu/ml) and RpoS-induction (•, logic relative light unit; RLU) in 5".Typhimurium (pSB367) in 
competition with P.aeruginosa. Salmonella entered the stationary phase at t=6h + 5min (± 
12min) (black arrow on x-axis), while induction of RpoS was inhibited. All data are the mean 
of five trials.
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However, in contrast to growth in pure and mixed culture with E.coli, RpoS-induction in 
Salmonella in competition with P.aeruginosa was fully restored when oxidation at t=2.5h was 
followed by reduction at t=4.5h (Figure 6.25). Oxidation increased the redox potential to 384.48 
(± 9.49) mV, value recorded at t=3h, and reduction dropped redox potential to 2.76 (± 16.23) 
mV, recorded at t=5h. Following reduction, the restored RpoS-induction in Salmonella happened 
at t= 4h + 58min (± 6min).
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Figure 6.25 EfiFect of redox potential manipulation (oxidation-reduction) (-♦-; mV) on RpoS- 
induction (-•-; logio cfij/ml) in & Typhimurium (pSB367) in mixed culture with P.aeruginosa. 
Oxidation at t=2.5h during growth, inhibited RpoS-induction in Salmonella. Oxidation followed 
by reduction at t=4.5h restored RpoS-induction in Salmonella. Entry of Salmonella into 
stationary-phase and RpoS-induction happened at t=4h +58min (± 6min) (pink arrow on x- 
axis). All data are the mean of five trials.
Redox potential manipulation did not have any effect on the growth of the competitor organism. 
P.aeruginosa entered the stationary phase as normal at about t=4h (Figure 6.26). However, 
Salmonella multiplication was not inhibited at that time, since the growth medium was kept in 
the oxidized state until after the competitor entered the stationary phase.
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The growth of Salmonella was inhibited and thus, the organism entered the stationary-phase 
shortly after the medium was reduced at t=4.5h during growth. RpoS was induced in Salmonella 
at t=4h +58min (± 6min) a time that was significantly longer than that required under normal 
growth conditions in mixed growth with P.aeruginosa (4h +5min (± 6min); Section 6.5.1.2.3).
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Figure 6.26 Effect of redox potential manipulation (oxidation-reduction) (•, mean Eh (mV) on 
the growth of & Typhimurium (pSB367) (♦ , logio cfti/ml) and P.aeruginosa (- logic cfii/ml) 
in mixed culture. Under normal growth conditions in mixed culture, the multiplication of 
Salmonella was inhibited once P.aeruginosa entered the stationary phase at about t=4h (pink 
arrow on x-axis). Oxidation at t=2.5h during growth prevented Salmonella growth inhibition 
until the medium was reduced at t=4.5h: Salmonella entered the stationary-phase and RpoS was 
induced at t= 4h + 58min (± 6min) (blue arrow on x-axis). All data are the mean of five trials.
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6.S.2.4 Effect of Redox Potential on RpoS-Induction Time in S. Typhimurium 
(pSB367) Grown in Mixed Culture with Gram-Positive Competitors at 37®C
An artificially induced drop in redox potential earlier (at t=1.5h or t=3.5h) during mixed growth 
with Staph.aureus did not have any effect on RpoS-induction times and growth of Salmonella or 
the competitor organism (Figures 6.27). Both continued to grow as normal and RpoS was 
induced in Salmonella at t=6h (± 3min) or t=5h +58min (± 3min) after redox potential was 
artificially reduced at t=1.5h or t=2.5h respectively (Figure 6.27).
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Figure 6.27 Effect of an artificially induced drop in redox potential (-•-; mV) on the growth (-♦- 
; logio cfu/ml) and RpoS-induction in ^.Typhimurium (pSB367) in mixed culture with 
Staph.aureus at 37®C. Under normal conditions in mixed culture with Staph.aureus, RpoS was 
induced in Salmonella at t=5h +54min (± 2min) (green arrow on x-axis). A drop in redox 
potential at t=1.5h or t=3.5h, had no effect on growth and RpoS-induction time (black arrow 
on x-axis). All data are the mean of five trials.
Manipulation of redox potential at t=1.5h or t=3.5h, dropped redox potential to -35.18 (± 11.09) 
mV or -111.45 (± 10.77) mV, values recorded at t=2h and t=4h respectively (Figure 6.27).
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A second drop in redox potential at t=6h was observed, the time Salmonella entered the 
stationary phase following redox potential manipulation at t=1.5h. At that time, redox potential 
had a value (-75.51 (± 11.75) mV) not significantly different than that obtained under normal 
growth conditions in mixed culture (-36,24 (± 8.63) mV; Figure 6.10). Following the second 
redox potential drop at t=3.5h, the redox potential was -34.80 (± 6.33) mV when Salmonella 
entered the stationary phase at about t=6h.
The same results were obtained in mixed culture with the second Gram-positive competitor, 
Ent.faecalis (Figure 6.28).
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Figure 6.28 Effect of an artificially induced drop in redox potential (-•-; mV) on the growth (-♦- 
; logio cfu/ml) and RpoS-induction in S'.Typhimurium (pSB367) in mixed culture with 
Ent.faecalis at 37“C. Under normal conditions in mixed culture with Ent.faecalis, RpoS was 
induced in Salmonella at t=5h +52min (± 3min) (green arrow on x-axis). A drop in redox 
potential at t=1.5h or t=3.5h, had no effect on growth and RpoS-induction time (black arrow 
on x-axis). All data are the mean of five trials.
165
Chapter 6 Redox Potential-Mediated rpoS Expression in Salmonella Typhimurium
Salmonella continued to grow unaffected by the presence of competitor Ent.faecalis. Entry into 
stationary phase and RpoS-induction in Salmonella happened at t=5h +53min (± 3min) or 
t=5h+48min (± Imin) following redox potential artificial drops at t=1.5h and t=3.5h respectively. 
Redox potential values following manipulation were not different from those obtained in the case 
of Staph.aureus. An artificially induced drop in redox potential at t=l .5h, gave redox values of 
-26.30 (± 7.79) mV at t=2h and -63.22 (± 16.72) mV at t=6h, at about the time Salmonella 
entered the stationary phase. In the same way, a drop at 3.5h gave redox potential values o f -  
77.81 (± 15.47) mV and -26.10 (± 6.58) mV at t=4h and t=6h respectively.
6.5.3 Extracellular Signalling Compound Studies
6.5.3.1 Detection of Extracellular Signal Molecules
Extracts prepared from the supernatants of early, late exponential and stationary phase cultures 
of Gram-negative competitors, including the parental Salmonella strain, showed that 
extracellular compound(s) produced late during their growth were able to reduce RpoS-induction 
time in & Typhimurium (pSB367) grown in pure culture at 37°C. No such effect could be 
detected with extracts from supernatants from Gram-positive organisms (Table 6.1).
Table 6.1. Mean time (± SD) for RpoS-mediated induction of spvRAr.luxCDABE in
(S. Typhimurium (pSB367) grown in pure culture at 37°C. All data are the mean of five trials.
Early expoiieiitial- 
phase extract
Late exponential- 
phase extract
Stationary- 
phase extract
P.aeruginosa 6h (±2min) 6h (±6min) 3.5h + 5min (±7.5min)
E.COÜ 6h +5min (±4min) 6h (±8min) 3.5h(±lim in)
C.freundii ^ 6h 4-lOmin (±8min) 6h + 4min (±5min) ^ 3.5h + 3min (±5min)
^.Typhimurium 6h + 8min (±3min) 6h + 6min(±3min) 3.5h(±7min)
Staph.aureus 6h (±5min) # 6h +7(±3nfin) 5h +59min (±5min)
EnLfuecalis 5h + 55min (±4mm) 6h (±7min) 5h +56min (+2min)
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The time to RpoS-induction in ^'.Typhimurium (pSB367) grown in pure culture was previously 
measured to be 6h (±8min). Addition of extracts from stationary cultures of only Gram-negative 
competitor organisms (at t=Oh), including the parental Salmonella strain, was able to bring 
forward the onset of RpoS-induction by more than 2 hours (Figure 6.29). No effect was 
observed with extracts prepared from cultures in the exponential-phase (early or late).
The time between extract addition and RpoS-induction was the time required for Salmonella to 
reach a concentration of about 10  ^ cfu/ml, a slightly higher concentration than that with which 
Salmonella entered the stationary-phase under normal conditions in mixed culture with each 
competitor separately.
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Figure 6.29 Growth of ^ Typhimurium (pSB367) (♦ , logio cfu/ml) and change in redox potential 
(•, mean Eh; mV) in pure culture following addition of extracts prepared from stationary-phase 
cultures of Gram-negative competitor organisms. Under normal growth conditions in pure 
culture. Salmonella entered the stationary-phase at 6h (± 8min) (pink arrow on x-axis; RpoS- 
induction time). Entry of Salmonella into stationary-phase was brought forward by more than 2 
hours (black arrow on x-axis; RpoS-induction) following the addition of extracts prepared 
from stationary-phase cultures of Rcoli, P.aeruginosa, Cfreundii and parental 
strain. All data are the mean of five trials.
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Addition of extracts from stationary-phase cultures of Gram-negative organisms did not have any 
immediate effect on the redox potential during growth. Redox potential was not different from 
that in pure culture under normal growth conditions up to t—3h (Figure 6.29). From that time 
onwards, redox potential steadily reduced to a minimum at t=3.5h (Figure 6.30) and remained at 
this low level for the rest of the incubation period, during which Salmonella was in the 
stationary-phase.
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Figure 6.30 Change in redox potential (#, mean Eh; mV) during growth of & Typhimurium 
(pSB367) (t=3-4h) in pure culture at 37°C following addition of extracts prepared from 
stationary-phase cultures of Gram-negative competitor organisms: E.coU, P.aeruginosa, 
Cfreundii and parental strain. Redox potential obtained its lowest value at t=3.5h
(210min) during growth. All data are the mean of five trials.
Minimum redox potentials o f -1 1.23 (± 7.23) mV, -5.13 (± 8.32) mV, 9.12 (± 10.21) mV and 
-21.13 (± 8.54) mV were recorded at t=3.5h (21 Omin) during the growth of & Typhimurium 
(pSB367) in the presence of stationary-phase extracts of E.coli, P.aeruginosa, Citrobacter 
freundii and parental Salmonella strain, respectively (Figure 6.30).
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Extracts prepared from early and late exponential-phase cultures of Gram-negative and Gram- 
positive competitor organisms, had no effect on the growth and RpoS-induction in Salmonella: 
Salmonella continued to grow unaffected, as under normal conditions in pure culture, and 
entered the stationary-phase at about 6h (Table 6.1). No effect was observed with extracts from 
stationary-cultures of Gram-positive competitors either (Figure 6.31).
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Figure 6.31 Growth of & Typhimurium (pSB367) (♦ , logio cfu/ml) and change in redox potential 
(•, mean Eh (mV) in pure culture following addition of extracts prepared from stationary-phase 
cultures of Gram-positive competitors. Under normal growth conditions in pure culture. 
Salmonella entered the stationary-phase at 6h (± 8min) (black arrow on x-axis; RpoS- 
induction time). Addition of extracts prepared from stationary-phase cultures of Staph, aureus 
and Entfaecalis did not have any effect on growth and RpoS-induction in Salmonella. All data 
are the mean of five trials.
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6.S.3.2 Detection of Redox-Sensitive Extracellularly Produced Molecules
The redox character of the extracellular compounds, present in the supernatants from stationary- 
phase cultures of the Gram-negatives, was shown by redox potential manipulation before extract 
preparation. The results showed that all extracts prepared following oxidation lost their RpoS- 
inducing ability (Table 6.2). Their addition early during the growth o f Salmonella in pure culture 
did not have any effect on the growth of the organism: Salmonella grew unaffected and entered 
the stationary-phase as normal.
Table 6.2 Mean time (± SD) for RpoS-mediated induction of spvRAr.luxCDABE in
>S. Typhimurium (pSB367) grown in pure culture at 3>TC. All data are the mean of five trials.
Mean t ime using s ta t ionary-phase  extracts o f  different redox-state
Oxidized extracts Oxidized-Reduced extracts
P.uerujjinosa 6h T2min (±4min)
E.coli
CJreundii
3,5h +4min (±6min) f 
6h(±7minH _
6h i f S f  6h + 3min (±Smin) #
^.Typhimurium 6h (±5min) Smin (±4min) ^
Under normal conditions in pure culture, 5'.Typhimurium (pSB367) entered the stationary-phase 
at 6h (± 8min), a time when RpoS was induced (Figure 6.1). Addition of oxidized extracts early 
during growth did not have any effect on the time RpoS was induced in Salmonella (Table 6.2). 
Oxidation followed by reduction before extract preparation, restored the RpoS-inducing ability 
but only in the case of P.aeruginosa. In its presence. Salmonella growth inhibition happened 
after about 3.5h in pure culture, the time of RpoS induction in Salmonella. The component(s) 
present in the stationary-extracts of the other Gram-negative organisms were irreversibly 
damaged following oxidation and permanently lost their ability to exert any effect on growth and 
RpoS-induction in .S.Typhimurium (pSB367) (Table 6.2).
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Addition of the oxidized extracts had no effect on the redox potential during growth (Figure 
6.32). The redox potential reached its minimum at t=6h, the time Salmonella entered the 
stationary-phase and RpoS was induced. Mean redox potential values o f -15.20 (± 19.36) mV, - 
24.85 (± 9.71) mV, -32.37 (± 9.83) mV and -16.87 (± 13.03) mV, were recorded after extracts 
from E.coli, C.freundii, P.aeruginosa and parental Salmonella strain, were artificially oxidized 
and added during growth of .S. Typhimurium (pSB367) in pure culture.
400
350 -
300
250
> 200
iS 150
c?I  100 (
-50
-100
Time (h)
10
9
8
7 _  
E
6 S
Figure 6.32 Growth of ^ .Typhimurium (pSB367) (♦ , logio cfu/ml) and change in redox potential 
(•, mean Eh; mV) in pure culture following addition of oxidized extracts prepared from 
stationary-phase cultures of Gram-negative competitor organisms. Under normal growth 
conditions in pure culture. Salmonella entered the stationary-phase at 6h (± 8min) (pink arrow 
on x-axis; RpoS-induction time). Addition of oxidized extracts prepared from stationary-phase 
cultures of E,coli, P.aeruginosa, Cfreundii and parental strain, did not have ^ y
effect on the growth or RpoS-induction in Salmonella (black arrow on x-axis; RpoS-induction 
time). All data are the mean of five trials.
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When the artificially induced oxidation was followed by reduction before extract preparation and 
addition in the growth media, redox potential reached its lowest value earlier only in the case of 
the P.aeruginosa extract (Figure 6.33). Its addition at t—Ih during growth of the axenic control, 
resulted in Salmonella growth inhibition happening at about t=3.5h, the time of entrance into the 
stationary-phase and RpoS-induction [3.5h + 4min (± 6min); Table 6.2].
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Figure 6.33 Growth of S'. Typhimurium (pSB367) (♦ , logio cfo/ml) and change in redox potential 
(•, mean Eh; mV) in pure culture following addition of oxidized-reduced extracts prepared fi*om 
stationary-phase cultures of Gram-negative competitor organisms. Under normal growth 
conditions in pure culture. Salmonella entered the stationary-phase at 6h (± 8min) (pink arrow 
on x-axis; RpoS-induction time). Addition of oxidized-reduced extracts prepared fi*om 
stationary-phase cultures of Kcoli, Cfreundii and parental strain, did not have any
effect on the growth and RpoS-induction in Salmonella (black arrow on x-axis; RpoS- 
induction time). Reduction of the oxidized extract of P.aeruginosa, led to Salmonella growth 
inhibition and RpoS-induction brought significantly earlier (3.5h + 4min (± 6min) (green arrow 
on x-axis). Redox potential obtained its lowest value at t=3.5h. All data are the mean of five 
trials.
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The lowest value of redox potential recorded at t=3.5h was -3.27 (± 2.89) mV after the redox- 
manipulated extract ftom was added. The time interval between extract addition
and entry of Sa/zzzozzgZ/a into stationary-phase corresponded to the time required for SaZzzzozzg//(z 
to reach a concentration of ca.lO^ cfti/ml. The addition of the redox-manipulated extracts of the 
other Gram-negative organisms showed that irreversible damage had been caused by oxidation: 
Salmonella entered the stationary-phase unaffected at about t=6h. Redox potential reached to its 
minimum at t=6h with values o f -6.54 (± 20.22) mV, -37.91 (± 16.30) mV and -21.01 (± 7.39) 
mV, for E.co/z, C.^gz/Wzz and parental SaZmozzg/Za extracts respectively (Figure 6.33).
6.6 Discussion
In the previous chapter it was shown that RpoS-induction times in ETyphimurium (pSB367) 
grown in a pre-heated stationary culture or in the spent medium ftom a stationary-phase
Salmonella culture were significantly shorter compared with those in NB. Two possible factors 
were proposed as being responsible for such an enhanced RpoS-induction. The first was nutrient 
starvation, a possible condition in both the spent medium and the pre-heated stationary culture 
and the second involved the presence of an extracellular molecule produced by WzzzozzgZZa able 
to trigger zyo^ expression in S.Typhimurium (pSB367) groAving in the spent medium or the pre- 
heated stationary-phase culture.
Even though the work presented in this chapter cannot discount a possible effect of nutrient 
starvation on RpoS-induction times, it clearly shows that the spent medium fi"om a stationary- 
phase culture of ^ aZzzzozzgZZa contains an extractable component able to induce zpo^ " expression, a 
result in agreement with the work of Mulvey gf aZ., 1990, which described the presence of such 
an extracellularly produced component in the spent medium of a stationary-phase E.goZz culture.
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Furthermore, in the previous chapter redox potential v^ as implicated in RpoS-induction. Growth 
inhibition of E.Typhimurium (pSB367) in a pre-heated stationary-phase culture and
thus, entry into stationary-phase and RpoS-induction were brought significantly forward when 
the medium was artificially reduced. The foctors aSecting the cellular level of the stationary- 
phase sigma factor, RpoS, have already been described in details in a previous section (Chapter 
2; Section 2.1.2.1) but never before has redox potential itself been mentioned as a potential foctor 
afikcting RpoS levels. Transition into stationary-phase is characterized inter alia by a drop in 
redox potential, maintained throughout stationary-phase, mainly due to a reduction in the oxygen 
tension caused by bacterial growth in high cell densities (Jacob, 1971). During the exponential 
growth-phase, levels of RpoS are almost undetectable while upon transition into stationary-phase 
they are significantly increased (Loewen gr arZ., 1998). The question is then whether and how 
high intracellular RpoS levels are correlated with the low oxygen-redox potential environment in 
the stationary growth-phase.
To test this, & Typhimurium (pSB367) was used as a minority organism in competitor studies 
with Gram-negative and Gram-positive organisms. The results confirmed those of Jameson 
(1962) and years later, Schiemann & Olson (1984) and Abbiss (1986). In a mixed culture, the 
multiplication of ETyphimurium (pSB367) (minority organism) is inhibited once the competing 
Gram-negative organism enters the stationary-phase. No such inhibition is observed when 
Salmonella is growing in competition with Gram-positive organisms.
In the work of Abbiss (1986), the inability of the Gram-positive organisms used {Streptococcus 
faecium, Kurthia sp. and Bacillus sp.) to inhibit Salmonella multiplication in mixed culture was 
attributed to the Gram-positive competitors not being able to attain as high numbers as 
Salmonella or other Gram-negative competitors did in the medium (BPW) during mixed growth.
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In this way, the use of 'metabolic crowding' as a possible explanation for a^/zzzozzg/Za growth 
inhibition by Gram-negative competitors in mixed growth could be justified. The faster growing 
Gram-negative competitor organism reached a higher stationary-phase density much earlier than 
5"aZzzzozzgZZa, depriving a^ZzzzozzgZZa of the critical space for cell multiplication. This was why 
.^ ürZzzzozzgZZür had to stop multiplying and enter stationary-phase. The same was not the case with 
Gram-positive competitors that were shown unable to reach as high numbers as the Gram- 
negatives. The same explanation was given by Schiemann & Olson (1984) when trying to 
elucidate growth inhibition of Yersinia enterocolitica in mixed cultures with other Gram- 
negative organisms.
In our work, no difierence in cell density was observed between Gram-negative and Gram-
positive competitors in mixed cultures with Salmonella. Starting with the same initial 
concentration of cn. 10^  cfu/ml in the medium, all competitor organisms entered the stationary-
phase at about t=4h with a concentration of 10^-10^ cfii/ml.
In 1985, Schothorst & Renaud showed that certain Gram-positive organisms could inhibit 
Salmonella growth in mixed cultures by means of lowering the pH of the medium. Kraft et al., 
(1975) showed that when 6"/z"g;?.yhggaZz.y was growing in mixed culture Avith C.pgz;:^ zzzggzz.y and 
T./?ZazzfazT/zzz, it was able to inhibit their growth by means of lowering the pH of the medium.
No marked decrease in pH was obs^ry^d in our work during mixed growth in the presence of 
Gram-negative or Gram-positive competitors, a result that agrees with that of Schiemann & 
Olson (1984), Abbiss (1981) and Davies e/ aZ., (1991). Measurement of the physicochemical 
properties of the growth media during competitor growth studies showed that redox potential and 
not pH was significantly afkcted during mixed growth.
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In the presence of Gram-negative competitors, the redox potential decreased slowly over the first 
three hours of mixed growth. It then started to decrease more rapidly and obtained its lowest 
value at t=4h, the time the Gram-negative competitors entered the stationary-phase. It then 
increased slightly and remained foirly constant for the rest of the incubation period. Inhibition of 
multiplication occurred at the time of minimum redox potential, a fow minutes before 
or shortly after. In contrast to the efkct of Gram-negative con^titors on redox potential Gram- 
positive competitors did not produce a significant drop in the redox potential of the growth 
media when entering stationary-phase. Redox potential slowly and steadily decreased until an 
hour before growing unafiected by the presence of competitors, entered the
stationary-phase.
The efiect of the Gram-negative competitor organisms on the redox potential during mixed 
growth with Salmonella was more pronounced than that observed when Salmonella growing in 
pure culture entered the stationary-phase. The results are in agreement with the study of Kraft gr 
a/., (1975), in which (majority organism) was growing in con d ition  with
P.fluorescens (minority organism) in trypticase-soy broth at 15®C. In their work, during the first 
hours of incubation, a slight decrease in redox potential was observed, while closer to the time 
5 "67ZzMozzg/Za entered the stationary-phase, the redox potential rapidly decreased to obtain a 
minimum value o f about -lOOmV the time entered the stationary-phase. The drop
in redox potential caused by the competitor .S'a/zMozzg/Za was significantly higher than that 
obtained when P.fluorescens entered the stationary-phase growing in pure culture. Davies et a l, 
(1991) also observed the same efkct, when W/MOMcZZa (minority) was grooving in competition 
with Gram-negative competitors in Buffered Peptone Water (BPW) at 37”C.
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The difierence in redox potential results between mixed cultures of with Gram-
negative and Gram-positive competitors suggested that redox potential was somehow linked to 
the growth inhibition in competition Avith Gram-negative competitors. The artificial
mampulation (oxidation-reduction) of the redox potential during mixed growth showed that low 
redox potential and not oxygen itself was related to the Salmonella growth inhibition and 
premature RpoS-induction in mixed cultures with Gram-negative competitors without however, 
being the only foctor that afkcted it.
In pure and mixed culture with Gram-negative competitors, an artificially induced drop in redox 
potential earlier during growth resulted in RpoS-induction brought significantly forward. 
However, this effect was not instantaneous. The time between the drop in redox potential and 
RpoS-induction in Salmonella was the time required for Salmonella to reach a concentration of 
ca .ltf  cfu/ml in the medium. A drop in redox potential early during growth in mixed culture 
vyith Gram-positive conq)etitors had no ef&ct on growth and RpoS-induction in &z//»oz3gZZ(z.
In contrast to reduction, an artificially induced increase in redox potential resulted in some cases 
into the permanent and irreversible inhibition of RpoS-induction in without af&ctmg
its growth. In an artificially oxidized medium, in pure and mixed culture with Gram-negative 
competitors, continued to grow una&cted and entered the stationaiy-phase as
normal. RpoS-induction could only be restored when Salmonella was growing in mixed culture 
with R.agrwgzzzofa.
The on/off switch mechanism of RpoS-induction in response to environmental redox potential 
was shown to result fi"om extracellular molecules produced by Gram-negative competitors, 
including the parent Salmonella strain, that possessed a redox character. In mixed cultures with
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Gram-positive competitors, an artificially induced drop in redox potential left RpoS-induction in 
Salmonella completely unafiFected and it was found that Gram-positives did not produce an 
extracellular compound able to activate the expression of in On the other hand,
given the response of Salmonella following a drop in redox potential in pure culture, one would 
have expected the same response in mixed culture with Gram-positive organisms whose presence 
has been proved completely inert throughout all the growth studies performed. Apparently, the 
Gram-positive competitors are inactivating the signalling molecule produced by the Salmonella 
or inhibiting its production.
The extracellular molecules from Gram-negatives were not able to cause a redox drop 
themselves. The addition of extracts prepared from the supernatants of stationary-phase cultures 
of Gram-negative competitors in NB at 37®C, did not affect the redox potential of the medium 
over alOh incubation (data not shown). Neither were they related to a component of NB medium. 
An extract of pure NB prepared in the same way, was not able to enhance RpoS induction in 
Salmonella grown in pure culture (data not shown). Preliminary experiments performed to 
identify whether these molecules belong to the family of N-acyl homoserine lactones were 
negative. An increase in pH of the stationary-phase supernatants before extract preparation and 
addition of the hydrolyzed extracts during growth of Salmonella in pure culture still resulted in 
early RpoS induction indicating that the signalling molecule was still active (data not shown).
Acyl-homoserine lactone-mediated control of gene expression has been characterized in many
Gram-negative bacteria. Presented in more details in Chapter 2 (Section 2.2), N-acyl homo serine 
lactone molecules control a variety of processes in Gram-negative bacteria including
bioluminescence, antibiotic and virulence factor production, plasmid conjugal transfer, 
sporulation, swarming and genetic competence. Acyl-homoserine lactone molecules have also
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been implicated in bacterial adaptation to starvation. Homoserine lactone (HSL) that is 
chemically similar to acyl homo serine lactones induces the rpoS gene product and thus, the 
stationary-phase adaptation (Huisman & Kolter, 1994). HSL becomes an intercellular signal 
through acylation, enabling it to move across the membranes from cell to cell. In f  .acnzgzzzo^a, 
an acyl-homoserine lactone molecule synthesized by the cell has been shown to induce 
expression of (Latifr eZ a/., 1996) but apart from this study, no other evidence has been 
revealed, linking acyl-homoserine lactone or any other type of signalling molecule to 
expression.
Alternative gram-negative signalling molecules have been identified. Flavier et al., (1997) have 
shown that Ralstonia solanacearum produces a novel signalling molecule (3-hydroxypalmitic 
acid methyl ester) that together with AHLs is used to regulate virulence. AhzzZ/zomozzaj^  
campestris produces a diffusible extracellular factor (DSF), not yet clMracterized, that is not 
related to AHLs (Barber gZ a/., 1997). Butyrolactones have been isolated from f.^ zzzrgp/hczgzz^  
culture supernatants (Gamard et ah, 1997) and a novel family of signalling molecules has been 
discovered in the cell-free supernatants of P.aeruginosa, P.fluorescens, P.alcaligenes, 
Enterobacter agglomérons and Citrobacter freundii (Holden et ah, 1999). These compounds 
identified as diketopiperazines (DKPs) (cyclic dipeptides) were shown to act antagonistically to 
reduce N-3-(oxohexanoyl) homoserine lactone-mediated bioluminescence, while their precise 
role in bacterial cell-to-cell communication has not been established yet. Finally, P.aeruginosa 
produces a third, totally difkrent from the other two AHL autoinducers produced by the 
organism, signalling molecule designated as PQS (P.ygWo7zzozza.y quinolone signal) (Pesci gZ a/., 
1999;) This is a 2-heptyl-3-hydroxy-4-quinolone whose role in P.agnzgzzzo^a quorum sensing has 
not yet been established (McKnight gZ ùrZ., 2000; de Kievit & Iglewski, 2000). Very recent is also
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the discovery of E.coli and & Typhimurium producing the still not structurally identified 
autoinducer-2 molecule of V.harveyi (Surette et al., 1999; Bassler, 1999).
Among the different types of signalling molecules released by Gram-negative organisms, the
signalling molecules detected in our study may well resemble the third autoinducer molecule of 
P.aeruginosa (PQS) in their ability to be present as an oxidized/reduced form (quinone/quinol). 
Their concentration in the medium could increase during growth to a critical threshold level, but 
for the signal to be effective they must also be reduced to the quinol form. This would only 
happen when the redox potential dropped.
High Performance Liquid Chromatography (HPLC) analysis of those novel signals extracted 
fi-om the supernatants of stationary-phase cultures of all Gram-negative competitor organisms, 
including the parental Salmonella strain, is presented in Appendix 1 together with 
chromatographs of previously redox-manipulated extracts (Appendix 2). Fractions collected 
between 15-minute intervals for a total period of 60-minutes were treated as described by Pesci 
et al., (1999). Addition of different-time fractions during growth of Salmonella in pure culture 
did not have any effect on growth and RpoS-induction times (data not shown).
The conclusion that in Salmonella, rpoS expression is induced or repressed in mixed culture with 
other Gram-negative organisms by the alterations in the redox potential, can be used to explain 
why in the work of Aldsworth gZ a/., (1998), the presence of a high concentration of Gram- 
negative competitors, enhanced RpoS-induction in ETyphimurium LT2 (pSB367). In their 
work. Salmonella, from an initial concentration of ca. 10  ^ cfu/ml in LB, entered the stationary- 
phase at 4h + 6min (± 6min), the same time RpoS was induced in confirming that
the two events were concurrent. In the same study, the time to RpoS-induction in Salmonella was
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sigfûfâcarüly recluceci tnf about tv/o twours, tvtwsn 6%3&M0%g/Za TAMis gfcywiiy? in the jpreserwze of a 
high muidber (oiwsr 10* chiAid) of other (jramrrKSgative oinganisms. (:om;xaitor cxincesitnitioiis 
lower than 10* chi/ml had no eGect on the onset of RpoS-induction.
The premature entry into stationary-phase of Salmonella and early RpoS-induction were shown 
rwot to 1x3 related to nutrient Ihiutation l)y the cornfxaitive rnicroGora iind tlms, starvation wnis 
elhruruakxi zus a p<)ssH)W rneans ()f erdianced ItixoS-inaiiated jgene eaqpression in 
(vAddswordi gf fzA, 1()99). Isk) esqpkmation v/as givtxi for tlxe plienoinenon of enhamcecl R^ po!S- 
inGuction in the pwxsaenee ()f lüg^ b krveLs ()f a T/%ible ccHrqpetkive rnicroflora. Ptelhruruiry 
e)qperin%;nts on die effect oTchfferent levefs ofcxinopetitors on die cocygen coricentration in 1.B 
shcrwKxi that conipetitor corKientrations liy b^er than 10* cAüiid significantly reduced tlwc 
pK%ncentaa^ 3 ()f\iK%%ilvedcxxygf%i hitlxcnKxiium dcrwntc) 1094 ()f air saturationi, ewsn honitlie jGrst 
lOsecs after addidoiL jArididon of (xinipetitors at crnncertratioiis kiwer than 10* cftVml haul no 
effect on the dissolved oxygen concentration (Aldsworth et a l, 1998).
T&fe fmoixise lüiat enihamced ItpKiS-irKluctioii in S^VIi^ plirniuniini IJTZ (j)S133($7), zis sexan in idie 
vvorlc of /ddsTAordi gf df., (1S>98) v/as dhie to tie  Icrwiicdcrx potential estalfished in the iiKsdium 
(IJBO wlen a ligfi conicerAraticwi ofconqpetikirs was adkiedL Tlie cxinipetith/e nnicroflora, createx! a 
ckcficit iri cocygen, rexiueiry? tlie refcoc fxitendal to ai sigrificarAly kivv level eaudy during ifie 
growth c)f Ijcnv ned()x ixnterAiaf awcti\%ikes recknxrswansitiine sigruiUing inioleciiks that
are present. However, similar to our case, a delay of about 2hours was required before RpoS- 
indiictiinliapiierKxi and that is wliy einen thoug^ h a luffh c(Mncxantratinn()f\corrq)etik)rs was aKldexf 
siniultanexiusly vvüli ;Sb/M?077g//a hi 1.B, creathig a lov/ redo)[ pxitential environnient ainiost 
instantly, RpoS-induction happened after about 2 hours (at t=2h (± 1 Smin)).
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Clearly, both our work and that of Aldsworth g/ a/., (1998) show that RpoS-induction is
enhanced in anaerobic-low redox potential environments with our work determining low redox 
potential and not oxygen being the factor affecting expression of The way redox potential 
is sensed by Salmonella and affects the expression of rpoS must involve a complex mechanism, 
of which redox potential is only one aspect. The redox-sensitive signalling molecules released by 
Gram-negative organisms able to enhance or repress the expression of rpoS constitute the basic 
member of this complex together with that of cell-density. Since the chemical structure of those 
molecules has not been found in the present work, only assumptions can be made of their mode 
of action towards rpoS gene expression or repression. This might be somehow similar to what is 
currently known for redox potential-mediated gene expression in bacteria (Sen, 1998; Bauer et 
al., 1999) through the FNR (Spiro & Guest, 1988; Melville et al., 1990; Spiro, 1994), 
SoxR/SoxS (Nunoshiba et al., 1992; Wu & Weiss, 1992; Fawcett & Wolf, 1994; Hildalgo et al., 
1995; Wu g/ d/., 1995; Li & Demple, 1994 and 1996), FixL/FixJ (David gf a/., 1988; Batut gf dr/., 
1989; de Philip gf al., 1990; Monson gf al., 1992; Agron & Helinski, 1993; Lois et al., 1993a +b; 
Reyrat et a l, 1993) and OxvR systems (Christman et al., 1989; Tartaglia et al., 1989; Storz gf 
al., 1990; Tao et al., 1991; Bauer gf al., 1999).
In the SoxR/SoxS system, for example, used by E.go/f to sense superoxide radical-induced stress,
the induction of oxidative defence genes involves a two-step transcriptional activation 
(Nunoshiba gf dr/., 1992; Wu & Weiss, 1992). SoxR is the redox sensor protein that stimulates the
transcription of soxS in the presence of superoxide radicals in the environment. To do that, SoxR 
contains two iron-sulfur centers (2Fe-2S) that are reduced under normal conditions, and can be 
oxidized in the presence of superoxide anions in the environment. In the absence of oxidative 
stress conditions, they can be reduced again, making oxidation-reduction a reversible event that 
does not diminish in any way their role (Ding & Demple, 1997). Only the oxidized form of SoxR
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is active and can stimulate the transcription of whose product, SoxS protein binds to the 
promoter regions of target genes and activates them. Similar to the SoxR/SoxS system, in the 
FNR system the redox sensing activity of t he sensor proteins FNR is facilitated by the presence 
of iron sulfur centers (4Fe-4S), which upon oxidation partially disassemble to form (2Fe-2S) 
centers. The protein FNR is only active in its reduced form, the 6rm containing R)ur iron-sulfur 
centers (4Fe-4S) (Khoroshilova et al., 1995; Khoroshilova et al., 1997). Heme is utilized by the 
histidine sensor kinase FixL as a cofactor to bind oxygen in the FixL/FixJ system affecting its 
autophosphorylation activity (Monson et al., 1992; Agron & Helinski, 1993) while the DNA- 
binding capacity of the transcriptional activator OxyR depends on disulffde bonds being farmed 
(active OxyR) or broken down (inactive OxyR) Allowing oxidation or reduction respectively 
(Bauer gf a/., 1999). The conformational changes of OxyR and FNR described above, fallowing 
a change in the redox potential of the environment, af&ct their biological activity and this is 
presumably similar to what happens to the redox sensitive signalling molecules produced by the 
Gram-negative competitor organisms in our study.
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7.0 Concluding Remarks
The results have shown that bacterial thermal resistance can be affected by the oxidation- 
reduction potential of the heating medium irrespective of recovery conditions. Redox potential 
was also shown to be an important factor afkcting the expression of whose product, RpoS, 
has a detrimental impact not only on bacterial stress resistance mechanisms but also on bacterial 
virulence since RpoS apart ffom regulating many of the stationary-phase stress resistance genes, 
it also regulates virulence determinants.
The study of redox potential in mixed ^a/moMg//a cultures has helped to explain the Jameson 
ef&ct but also how to overcome it. Redox potential manipulation has thus become an extremely 
promising tool in reducing the elapsed time required for 5"a/7Mo»g//a detection in ff)ods. Through 
this, an apparently novel class of signalling molecules has been discovered which especially ff)r 
the ÆMfgm6agfgnagg(zg constitutes an important breakthrough. The detection of those molecules 
able to direct cell populations into a state of starvation (stationary growth phase) and the 
expression of genes that protect the cells during this period, has an enormous implication on the 
design of food safety strategies. Protective genes (some of which coding for virulence factors) 
are expressed in response to environmental stresses. The use of preservatives, pH manipulation 
and temperature applications are environmental stresses tWt may either trigger the release of 
signalling molecules or create the appropriate environment, maximizing their activity towards 
protective gene expression and even increasing bacterial virulence.
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7.1 Future Work
In this work, nutrient broth was used in ah experiments for the study of bacterial interactions in 
mixed cultures. Any relationship between redox potential and bacterial growth in
mixed cultures was thus conhned to a single medium. Further work should be carried out 
employing different media such as Bufkred Peptone Water (BPW), commonly used during the 
pre-enrichment stage for the isolation of ffom foods, or Lactose Broth (LB). The
measurement and manipulation of redox potential of different media in pure and mixed cultures 
along with the monitoring of bacterial growth would confirm or add some valuable information 
on the relationship between redox potential and Salmonella growth in mixed cultures.
It would also be very interesting to study such interactions in real foods, although this is likely to 
be technically difficult.
A logical further step would be the purification and chemical analysis of the redox-sensitive 
signalling molecules detected in the present work. HPLC analysis of extracts prepared ffom the 
supernatant fluids and redox potential manipulated supernatant fluids of Gram-negative bacterial 
cultures should be repeated. Fractions collected at pre-determined intervals should also be tested 
ff)r their ability to enhance or repress RpoS induction via bioluminescence measurements. 
Analysis of the purified molecule(s) would enqiloy proton NMR and mass spectrometry in which 
obtained spectra can be compared with those of known autoinducer molecules. Confirmation of 
the suspected autoinducer molecule could be further established by producing synthetic 
compound(s) of similar or identical structure. These would open the possibility of exploring 
how signalling phenomena might be applied to the benefit of food safety and quality.
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9.0 Appendices
Appendix 1: HPLC analysis of novel signals extracted from the supernatants 
of stationary-phase cultures of Gram-negative organisms.
a) Salmonella Tvphimurium
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b) Pseudomonas aerusinosa
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c) Escherichia coli
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d) Citrobacter freundii
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Appendix 2: HPLC analysis of novel signals extracted from redox potential- 
manipulated supernatants of stationary-phase cultures of Gram-negative 
organisms.
a) Oxidized Salmonella Tvphimurium supernatant
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b) Oxidized Pseudomonas aeru2inosa supernatant
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c) Oxidized Escherichia coli supernatant
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d) Oxidized Citrobacter freundii supernatant
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e) Reduced Pseudomonas aerusinosa supernatant
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